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i. INTRODUCTION

This document is the final technical report on Contract NAS3-7937, _'Ion

BeamDiagnostics and Neutralization, '_between NASA,Lewis Research Center,

Cleveland, Ohio, and TRWSystems, RedondoBeach, California. Work under this

contract has been performed by the Electric Propulsion Technology Department of

the Propulsion Technology Laboratory, Power Systems Division. The period of

performance of this contract extended from 14 February 1966 to 21 August 1967.

A portion of the work under this contract was a continuation of work begun under

a previous contract.

The program of research and development under this contract has been

divided amongfive tasks briefly identified as follows:

• Research and development, fabrication and delivery of
mercury discharge neutralizers

• Research and development, fabrication and delivery of
hot-wire Electric Field Strength Meters

• Studies of ion thrust beamneutralization and spacecraft
diagnostic methods and instruments

• Investigation of a long-life (i0,000 hr) thrust beam
collector for ground testing of ion thrustors

• Product Assurance support of the development and fabri-
cation of deliverable hardware

Contract NAS3-6276,_inal Report, NASACR-54692, February 1966.
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2. PROGRAMREVIEW

2.1 MERCURYDISCHARGENEUTRALIZER

At the beginning of the present program, the mercury discharge

neutralizer had been developed to the point where a hollow cathode, internally

coated with a standard barium oxide mix, had been operated in a bell jar. This

cathode was in the form of a cylinder, about 3/8 inch in outside diameter, and

1/2 inch long. Mercury vapor was introduced into one end of the cylinder; the

other was closed off, except for a 0.005-inch-diameter hole through the end

plate which was of equal thickness. Whenthe cathode was heated to about 1000°C,

supplied with mercury vapor at about 20 torr vapor pressure, and with an electron-

collecting plate placed within a few millimeters of the small orifice, an arc
could be established between the cathode and the plate. This arc was charaa-

terized by a bright luminosity at the hole, a conical region of lesser luminosity

(sometimes not visible) extending away from the hole, and the ability to deliver

more than an ampereof electron current to the plate at a voltage drop of i0 volts

or higher, depending on the cathode to anode spacing.

Meansfor lowering the surface work function, such as coating the in-

terior of the cathode with barium oxide, were found to enhancedischarge forma-

tion. The most satisfactory technique investigated was fabrication of the

cathode body from barium impregnated porous tungsten.

The objective of developing such a device was its potential use as

a neutralizer for a mercury electron-bombardment thruster. A specific applica-
tion would be on a thruster having a 250 mAmercury ion beam. At the start of

the present program it remained to be shownto what degree this arc would

operate satisfactorily with a thruster, and whether a dispenser type of cathode

would satisfactorily avoid someof the difficulties which are encountered with

oxide coatings outside of glass enclosed vacuumtubes. During the course of

the program it was shownthat the dispenser cathodes withstand repeated air ex-

posures without damage. Evenwhenaccidentally exposed to air while hot, they

exhibited a temporary period of degraded operation, followed by recovery of

pre-exposure performance. These results both proved the desirability of a low

work function cathode surface and demonstrated that rugged cathodes could be
made.

-2-
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2.1.1 Research Program

Section 3.1 describes the current work on the discharge neutralizer,

the performance goals set for the device, developments which have helped to

meet at least some of the goals, and the present understanding of the nature

of the arc produced. The major effort in the development has concentrated on

maximizing the efficiency with which the neutralizer uses the mercury vapor which

flows through it. The design goal, in this respect, has been the delivery of

250 mA of electrons with a mercury efflux of 9 mA or less (equivalent Hg+). In-

asmuch as the total mercury efflux from the thruster is 300 mA equivalent, this

represents an additional 3% propellant efflux with respect to the thruster system

as a whole. The final design used in deliverable hardware has characteristically

neutralized the 250 mA beam of a 15-cm electron-bombardment thruster at flow

rates from _ 9 to _ 15 mA (equivalent Hg +) (3 to 5% of 300 mA equivalent). The

design feature which contributed most to its performance with respect to the

mass utilization goal was the incorporation of an enclosed keeper. This feature

helps to collimate the mercury atomic beam which emerges from the cathode ori-

fice so as to maximize the probability of ionization in the space between the

cathode and the beam. This aspect is described in Section 3.1.4.

2.1.2 Neutralizer Hardware

Cathodes of two sizes were operated as neutralizers during the research

phase of the program. No essential difference in arc formation was seen between

the two. It is possible that use of the smaller cathode might lead to a design

having a lower power requirement. However, at the time a design freeze was

placed upon the deliverable assembly, a complete design for only the larger unit

was on hand.

Several cathode assemblies were built to the "design freeze" configura-

tion, and tested with a 15-cm electron bombardment thruster supplied by NASA,

Lewis Research Center. The following summary of operating characteristics and

performance levels shows typical values for mercury efflux and neutralization

parameters obtained with the cathode at operating temperature, neutralizing

current of 250 mA, keeper current of 70 mA, with the neutralizer mounted in a

plane i.i inches from the thruster accel grid and 4.1 inches from the beam axis.

-3-



D
This value of radial position was attainable with the accel shield at ground

potential; with the shield at accel potential (-2000 V) the radial position

was 3.3 inches.

i.

o

Cathode heater

Operating level 4.2 V, 6.2 A ac

Typical pre-heating current 7 A

Maximum current 8 A

Keeper

Typical zero-current voltage

Operating range: voltage 5 to

current 15 to

Series current limiting resistance

3. Mercury efflux

1 Ion beam neutralization

300 V dc

15 V dc

75 mA dc

1 K ohms (rain.)

Min. T__ Max.

0.6 1.0 1.5 mA/torr

Min. T__ Max.

Floating collector 9.0 i0.0 30 V dc

Hg efflux (Hg + equiv.) 8.0 i0.0 13 mA

Hg vapor pressure 6 9 14 torr

Data on environmental testing and extensive ion beam tests, including

a 500-hour endurance test, are presented in Section 3.1.5.

2.2 ELECTRIC FIELD STRENGTH METERS

The concept of an electron device capable of measuring the electric

field strength on the surface of a spacecraft, but at the same time rela-

tively insensitive to currents of charged particles from the ambient plasma,

was originally reduced to practice at TRW under NASA Contract NAS8-1560J The

device was then later developed as a flight instrument under a contract with

-4-
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the United States Air Force. Although essentially successful, that flight

instrument possessed certain difficulties with respect to cathode emission

stability and methods of data reduction which the instrument to be developed

under the present contract was designed to circumvent. Four months after

start of work the E-meter task was terminated at the convenience of the Govern-

ment. Section 3.2 describes the instrument which was being developed, and the

work done up to the date of the stop-work order. Further description of the

instrument is given in a reprint from The Review of Scientific Instruments

included as Appendix A.

Section 3.2 also includes a brief review of more recent work on

another program which is relevant to this topic.

2.3 NEUTRALIZATION DIAGNOSTIC TESTS

Section 3.3 of this report discusses the general problem of ground

testing an electric thruster so as to be sure that the performance of its

beam neutralization system in space can be accurately predicted. The thesis

of Section 3.3 is that the neutralizer interaction with the thrust beam, in

the ground test, must be the sole regulator of the neutralizer electron current

in order to simulate operation in an environment of infinite geometrical extent.

This occurs when operating the thruster and neutralizer systems in a vacuum en-

closure in which the beam discharges into a cavity whose boundary surface is

electrically isolated from the thruster system. An acceptable, but sometimes

more difficult, alternative is to electrically isolate the thruster and neu-

tralizer systems and power supplies from the (grounded) vacuum enclosure.

The section also reviews the present state of spacecraft diagnostic

instrumentation which may be used to measure and report on neutralizer effective-

ness and on the compatibility of electric propulsion systems with scientific

payloads. The need for a fully instrumented flight test is reiterated.

-5-
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2.4 LONG-LIFE THRUST BEAM COLLECTOR

During a long-duration ground test of an electric thruster, the

testing facility must adequately cop_ with the mass of propellant material

discharged from the thruster, the momentum this mass carries with it, and

the power level involved. Section 3.4 is devoted to a discussion of design

considerations for the thrust beam collector for ion engines in the medium

power range (_ i0,000 ampere hours integrated beam). Attention is given to

collector durability, compatibility of eroded collector material with the

thruster, and cooling techniques, as well as fabrication and operating costs.

The design and operation of a frozen mercury collector for thruster life

testing is reviewed.

2.5 PRODUCT ASSURANCE

The task of the product assurance support to the hardware phases

of this program was to verify that adequate and accurate documentation was

made of materials and processes. The objectives of this task were to enable

one to relate materials and processes to the ability of the finished unit --

• to perform its intended function,

• to meet its design goals,

• to be capable of further development based on adequate

definition of the present configuration.

The scope of this task was significantly reduced by the termination

of work on the E-meter. Procedures used in support of the neutralizer task

are detailed in Section 3.1.5.4.

-6-
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3. TECHNICAL REPORTS

3.1 INVESTIGATION, DEVELOPMENT, AND FABRICATION OF
MERCURY DISCHARGE NEUTRALIZER

3.1.1 Introduction

Any electrostatic thruster operating in. space requires a source of

electron current equal in magnitude to the ion current expelled by the

thruster. These space-charge neutralizing electrons must be mixed into the

ion beam after the ions receive electrostatic acceleration. If the electron

source is placed within the ion beam, it fs subjected to heavy erosion by

ion sputtering. Shielding such "immersed neutralizers" from ion sputtering

increases the injection potential2 (the potential between the thrust

plasma and the neutralizer), with an attendant increase in electrical power

expended. Furthermore, the products sputtered from the neutralizer or its

shield and returning to the thruster may well be unacceptable.

When a simple thermionic emitter is placed outside the ion beam,

high "injection" potentials als0 result. As in the case of the shielded

immersed neutralizer, the space charge of the electrons flowing from the

"withdrawn neutralizers" to the thrust beam is not neutralized by ions.

The "discharge neutralizer" largely overcomes the space charge dis-

advantage of a withdrawn neutralizer by connecting the electron source and

the thrust beam with a low energy plasma. It is a gaseous discharge posi-

tioned 1/4 inch to 1 inch from the"boundary"of the primary ion beam and

produces both the neutralizing electrons and the low energy ions necessary

to form a "plasma bridge" to the thrust beam. A typical embodiment of the

device is shown in Figure 3.1-1. As indicated in the sketch, mercury

vapor is fed to the hollow cathode from a boiler or vaporizer at a pressure

PHR which is taken as the vapor pressure corresponding to indicated

vaporizer temperature. The vapor escapes through the orifice (usually

about 0.005 inch dia.) into the vacuum chamber. An electron current is drawn

to the keeper electrode to initiate and sustain the discharge. The working

current is drawn through the aperture in the keeper to a plate (usually

molybdenum) if the experiment is done in a bell jar, or to the thrust beam

-7-
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Figure 3.1-1.
Hollow Cathode Experimental Configuration
with Identification of Some of the
Measureable Variables
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of an ion engine. Measurable distances, voltages, and currents are indi-

cated in the figure.

Task I of this contract included the investigation, fabrication,

and test of mercury discharge neutralizers with the following design goals:

i)

2)

3)

4)

5)

6)

An electron emission of 250 mA

An electrical efficiency, hE, of 15 mA/watt (67 eV/el)

A mercury flow of 9 mA equivalent (mass utilization,

_m' of 28 el/Atom)

A potential life of i0,000 hours

Little degradation upon repeated exposure to atmosphere

Capability of being further developed into space flight

hardware with no major conceptual changes.

3.1.2 Early Experiments With Hollow Cathode Discharges

The first experiments with small-orifice hollow cathodes at TRW

were undertaken to duplicate the results of Ernstene, et.al. 3 with the

cesium plasma bridge neutralizer as described in July 1965. The effort

then turned to the attempt to achieve corresponding results with mercury.

Several exploratory experiments were performed which indicated that "cold-

cathode" arcs of high current density could be readily produced at a small

orifice with mercury vapor pressures of about 1/3 atmosphere. Another

early result was that a low work function coating on the inside of the

cathode was effective in initiating a discharge if the coating extended up

to the edge of the hole. Encouraging results were then obtained from a

neutralizer cathode made of solid nickel having a 5-mil orifice and coated

on the inside with a standard barium carbonate mix (which was later acti-

vated in vacuum); the propellant expended by the early devices, however,

approached 30 percent of that used by the thruster.

One special version of the internally-coated neutralizer cathode

contained an electron-emissive probe. 4 This cathode was mounted in a bell

jar so that a discharge current could be drawn to a movable molybdenum

anode. Voltage was applied to the anode through a current-limiting

-9-
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resistance. With the emissive probe operating in a floating mode, the data

plotted in Figure 3.1-2 were obtained for a cathode to anode spacing of

about 1 millimeter. Later, the collector was moved to a distance of about

1 centimeter and the internal potential as a function of anode current re-

mained unchanged although much higher anode potentials were required for the

same current values. This experiment indicated that the internal low-work-

function surface was not likely to be subjected to ion sputtering erosion.

The low internal potentials of the hollow cathode gave hope that a

dispenser type of cathode could be used to avoid the problems of either

activating a neutralizer cathode in space after launch or of exposing an

activated oxide cathode to air before launch (either of which might prove

disastrous). Accordingly, since January 1966 our work has been concentrated

on barium impregnated porous tungsten cathodes type 41180. With one of

these cathodes in a bell jar test, the potential of the bridging plasma

between the cathode and a molybdenum anode at a spacing of 1 inch and 30V

potential was mapped with a floating emissive probe. These results are

shown in Figure 3.1-3. During this experiment the anode current was 130

milliamperes. Later the current was increased with the probe near the ori-

fice, with the result that the probe filament melted.

The gaseous discharge at the cathode aperture can be maintained at

boiler pressures above approximately 5 torr. It is sometimes necessary to

raise boiler pressure to about l0 torr in order to initiate the discharge,

whereupon it will persist as the pressure is again lowered. Similarly,

after exposure to air the cathode temperature is usually raised to _ IO00°C

to facilitate starting the discharge but a discharge has been observed to

persist at cathode temperatures as low as 500°C.

Two basic discharge modes have been observed, as well as several

subtle variations. In the "spot" mode the luminous volume is quite small

_v=_L_=- ...., ........... _ ............... A_o_ _ type3 the number

are molecular ratio of BaO, Ca0, and A1203; the last two are W density in
percent.
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b
and restricted to the immediate vicinity of the cathode aperture. It pro-

duces less electromagnetic radiation than the other mode and has therefore

also been referred to as the "quiet" mode. In the "plume" mode the lumin-

ous volume is much larger and much less intense than in the spot mode. The

name derives from the feather-like shape of its axial cross section.

Because it produces noticeably more electromagnetic radiation than the

quiet mode, it is also referred to as the "noisy" mode. The rf produced

by this mode may require the experimenter to employ rf by-pass circuits

and rf shielding to keep electronic instrumentation functioning properly.

The effect of this radiation on spacecraft electronics and telemetry should

be investigated. The spot mode is associated with boiler pressures in

excess of i0 torr and high discharge currents. Often in bell jar tests it

is possible to switch modes of operation by simply varying the discharge

current. Some hysteresis is usually observed in mode switching and the

amount of current needed to effect a mode change has been observed to de-

pend on the boiler pressure and the L/D ratio of the aperture. The spot

mode has not been observed to persist below discharge currents of 200 milli-

amperes. The light from the discharge is blue to the eye and contains

ultra-violet radiation. It should not be viewed with the naked eye through

quartz windows. The discharge is a very copious source of electrons, and

in the absence of space charge limitations, is capable of delivering many

amperes of current. In all configurations investigated to date the mass

utilization n increases with discharge current to such an extent that one
m

may expect to obtain i00 electrons per mercury atom at electron currents of

2 amperes and probably less. On the other hand, obtaining efficient per-

formance at 250 milliamperes has proved difficult. A reduction in orifice

size from 5 mils to 2 mils resulted in increased boiler pressure more than

increased nm. The power required to operate the neutralizer is virtually

independent of I • it consists of _20 watts to heat the cathode. Currents
c _

in excess of 5 amperes are easily drawn into a contiguous plasma with

..... by"Vp =_ _u vo±L_ increasing _LLL_rate of mercury flow.
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3.1.3 Laboratory Techniques

Experimental research and development on the mercury discharge

neutralizers was conducted both in bell jar experiments with metallic

collectors and in a 4 by 8 foot vacuum chamber with the exhaust beam of an

electromagnetic version of the 15-cm Lewis mercury bombardment thruster.

The bell jar experimental techniques are first described.

Most of the bell jar experiments were conducted in the 6 inch oil

diffusion pump system shown in Figure 3.1-4. During experiments the diffu-

sion pump trap was always LN 2 cooled and provisions were available to

separately cool the tank liners indicated in the figure. The cathode to

collector spacing and the cathode to keeper spacing could be independently

controlled by the coaxial motion feed-through mounting. Mercury vapor was

supplied to the cathode by an electrically heated boiler whose temperature

was accurately measured and controlled with one or more iron-constantan

thermocouples spot welded to the boiler body below the mercury level. The

reference junction temperature near room temperature was measured with a

glass thermometer. Often the tip temperature was also monitored with a

chromel-alumel thermocouple spot welded to the outside of the cathode near

its aperture. Again, reference junction temperatures were monitored.

As indicated in Figure 3.1-4, several other rotary motion feed-

throughs were available for various plasma diagnostic devices, principally

an emissive probe and a Langmuir probe.

The collector configuration, the cold liners behind it, and the

location of the ion gauge all form a mercury efflux detector system.

Because of its utility in the development of mercury devices such as the discharge

discharge neutralizer, and because much of the data to be reported was

obtained by this technique, it is described here. As will be shown in

Section 3.1.4, reservoir pressure is not an adequate indicator of efflux

rate.

-13-



Y

_,J

1-,-1

0

0 •
q_ (b

0

•,-I 0
0 [b

.I-I

0

_ 0

0,._

_ 0

I ,--t
0 0
m_

0

_ 0

..4
I

0

,,.-I

-i4-



The technique is a novel application of well known physical principles.

is based on the expression for the arrival rate of random Maxwellian

particles at a planar surface:

F = P [2_mkT] -1/2

atoms

It

2 (i)
see • m

where P is the partial pressure of the particles in N/m 2, m is the particle

mass in kg, k is Boltzmann's constant, and T is the temperature of the gas

in °K. It follows that mercury atoms will leave an enclosed volume through

a "perfect" pumping aperture of area A at a rate

nou t = PA [2_mkT] -1/2 atom______Ssec (2)

so long as A is not large enough to destroy the Maxwellian distribution of

velocities.

Assume now that this chamber contains a source of mercury vapor.

In equilibrium, its efflux rate, nin, is equal to the rate leaving the

chamber,

n = (3)in nout

so that if the source is situated such that a Maxwellian distribution of

velocites obtains in the bulk chamber volume, then equation 3 becomes

n. = PA [2_nkT] -1/2 (4)
in

Therefore, from a knowledge of the pressure and temperature of mercury vapor

within the chamber, and the pumping area from the chamber, the rate of

mercury eff!ux from the source is determinedo

The temperature of the mercury vapor in a properly designed experiment will

be near that of the chamber walls; it is not important to know its value
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precisely since it enters equation (4) as the square root. In the absence

of amalgamation, condensation, or chemical processes with or on the walls

of the test chamber, the effective pumping area from the chambermay be

madeequal to the physical area of one or more pumping apertures by placing

liquid nitrogen cooled liners behind such apertures. By choosing the area

of these apertures, the pumping speed is adjusted so that for mercury

source efflux rates of interest the partial pressure of mercury far exceeds

that of other gases present yet does not exceed the pressure gauge capa-
bility or produce condensation. A commonBayard-Alpert type ionization

gauge is a convenient device for indicating chamberpressure. However its

sensitivity to mercury is significantly different from its sensitivity to

air, and somemeansof determining its mercury sensitivity must be employed.

Rather than independently determining the gauge sensitivity to

mercury, the effective pumping area, and the temperature of the mercury

vapor, it is usually more convenient to experimentally determine a single

calibration constant for the efflux measuring system. Equation (4) may be
rewritten

nin CP (5)mess

where k is the system constant, and P is the gauge reading in torr un-meas
corrected for its mercury sensitivity. Then C is determined by one or more
gravimetric runs:

WL atoms

C = [_Pmeas, A t_] 3.34 x 10-25kg/sto m torr. sec (6)

where At is an increment of running time in seconds, and WL is the total

mercury lost from the source in kg.

Having determined the constant C, the experimenter may then directly relate

the instantaneous ionization gauge __o _h= _n_o_o_=_,,_ _=_ of

mercury efflux from the source and study the response of this dependent

-16-



variable to changes in source variables. In particular the mass

utilization, qm ' is

I I electrons
n = = (7)

m IEquiv. q C Pmeas atoms

+

I is electron current, IEquiv. is the Hg current equivalent of the total

mercury flow, and q is the electronic charge. (Note that C P includes
mess

mercury ions produced and collected on chamber or external neutralizer

surfaces, since, like neutrals, they will reevaporate and contribute to the

mercury gas pressure being monitored.)

In the experimental configuration illustrated in Figure 3.1-4, the following

parameters and components were used:

T _ 300°K

10-2 2A_ 4.7x m

Gauge (Veeco RG 75K) Operating Point:

Vgri d =

Vfi I =

Vcollecto r =

Gauge Const

i

+175 V

+25 V

OV

= lO/torr (Nitrogen, nominal)

= 0.05 mA (typically)

A Granville-Phillips Series 236 Model 02/006 was employed as the

ionization gauge controller. It provides considerable flexibility in

changing emission current I_ in that the user may vary both the basic

electrometer gain and the emission current over a factor of i000. Obser-

vation of the indicated pressure at 0.05, 0.5, and 5 mA was one of several

procedural checks employed to verify the proper functioning of the ion gauge.
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Ideally, indicated pressure will scale exactly on emission current

according to the relation

i = K p i (8)t

and if it fails to do so by more than a few percent below 1 x 10-4 torr,

trouble is indicated.

Prior to each experimental run, the gauge grid and collector wire

were outgassed by electron bombardmentat powers up to i00 watts for periods

of the order of 1/2 hour. Outgassing progress was monitored on another

gauge. Occasionally even higher power was used to outgas support leads.

The glass envelope was often heated with a heat gun.

Additionally, before each run, and before the mercury boiler was

heated, the LN2 liners behind the collector were fully cooled. The re-
sulting pressure was always between 4 and 7 x 10-7 torr, and the particular

pressure obtained was subtracted from subsequent readings as background.

Occasionally after an experiment was completed the liners were maintained

cold until the boiler temperature was at or near room temperature. The

end-of-run background pressure was then comparedto that obtained prior to
the run.

Another check on the credibility of the mercury efflux detector

performance was to maintain a constant mercury efflux from the neutralizer

and vary the cathode to collector distance, x between 1/16 and 5 inches.
c

Detector readings were virtually independent of x as they should be.
c

Finally, during experiments the reproducibility of points was

frequently checked.

The neutral detector calibration constant C (Equation 6) was deter-

mined with three gravimetric runs at 4.3, 210, and 250 torr, which yielded

1022 1022 1022 atoms1.55 x , 1.46 x , and 1.62 x torr • sec ' respectively.

_- " PHg were also ............ and ....... dis-uumparlsons of and Pmeas mau_ _oL. w±uL w±L.out a

charge and an approximately linear dependence was noted. Unlike gravimetric

data, these comparisons are sensitive to variations in A, T, (Equation 4)
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and discharge conditions. All the n data presented in this report ism
based on C = 1.62 x 1022. This value, along with that quoted for A and T,

implies that this ionization gauge is 4.1 times more sensitive to mercury
than its nominal sensitivity to nitrogen. Dushman5 has reported on en-

hanced sensitivity of the VG-I (internal filament) tube to mercury as 3.2

with i_ = 1.0 milliamperes.

Early in the program wediscovered that mercury discharge neutra-

lizers are extremely complicated in their operation with strong functional

relationships between several of many system variables. The contract goals
and resources seemedto preclude both a fundamental research program into

the plasma physics of the device and an elaborate engineering-type para-

metric study. Consequently the attack chosen was "enlightened trial and

error" where crude models of the device operation were advanced and the

device modifications they suggested were tried.

The results of this approach were identification of the important

device variables, a qualitative understanding of their interdependences,

and hardware whose tested performance either met or approached each of the

design goals insofar as it was tested.

3.1.4 Experimental Results

One of the first important discoveries made after the location of the

ionization gauge in a position such that it measured total mercury efflux

from the neutralizer, was that mercury flow rate was reduced as the arc

current was increased. This phenomenon was observed many times on many

occasions; it failed to appear only once. Figures 3.1-5 and 3.1-6 demon-

strate this phenomenon. In both figures (data taken on different cathodes

and in different vacuum systems) the experimental chamber pressure is re-

garded as proportional to the total mercury efflux from the cathodes. The

proportional reduction in mercury efflux with arc current does vary with

some of the experimental conditions. Further evidence of this effect was

-19-
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obtained in a pair of gravimetric runs in a 4-inch vacuum system. For

these two runs, the boiler and tip were carefully controlled in temperature

for 5.33 hours -- the same temperatures being used for both runs. One run

was made with the neutralizer operating at an arc current of 1.0 amperes;

the other with no arc. The temperatures (229 _ I°C for the boiler which

corresponds to _ 50 torr, and 1025 ! 3°C for the tip) were selected so that

the arc was produced in its "spot" mode. Keeper current and voltage were

6-8 milliamperes and 8-10 volts, respectively. The resulting values of

mercury efflux as determined from boiler weight measurements were:

gr/hr lequiv(A )

I = 0 .479 .064
arc

I = I.OA .299 .040
arc

The effect observed in the above experiments is probably due to the tem-

perature elevation of the plasma in the orifice. Since nm = I_/IHg , and

IHg decreases with I_, it is easily seen that high mass utilization is

associated with high current operation.

This reduction in mercury efflux with increased current density led

to the supposition that a reduction in orifice cross section might improve

the ratio of nm to I_ Accordingly, some cathodes were modified by

plugging up the 0.005 inch diameter orifice, and then drilling a hole by

a focussed laser beam of about 0.002 inch diameter alongside the original

one. Figure 3.1-7 is a photograph of one such hole. When these cathodes

were operated, a small improvement in _m vs I_ was noted; however, the major

effect was that one had to increase the mercury vapor pressure in the

cathode to about that pressure which would give the same flow rate of

mercury as with the larger hole in order to strike the discharge. This

result indicated that the density of mercury vapor in the region between

the cathode orifice and the keeper was of more importance than had been

previously appreciated.

The next important thing we learned was that mercury boiler pressure

-22-



Figure  3.1-7 .  Photomicrograph of t h e  o r i f  i ce  r e g i o n  of 
a porous tungsten cathode.  The 0.005 inch  
diameter  hole  has  been plugged wi th  a molybdenum 
w i r e ,  and a 0.002-inch diameter  h o l e  has  been 
d r i l l e d  near by us ing  a focussed laser beam. 
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and V were inversely related at any given x . By obtaining data of the
c c

sort shown in Figures 3.1-8 and 3.1-9 it was demonstrated that an open

keeper configuration had little chance of meeting the design goals.

3.1.4.1 Enclosed Keeper

This data suggested that at reasonable values of x , V was ele-
c c

vated because of an insufficient number of ions in the keeper to collector

space to fully neutralize the electron space charge. This view was sup-

ported when argon gas was admitted into the experimental chamber while a

neutralizer was in operation: Vc was dramatically reduced, presumably

because argon ions were produced in this region.

It was then reasoned that if we could make better use of the neutral

mercury atoms escaping from the cathode aperture, an improvement similar to

that observed with the argon might result.

To increase mercury ion production in the keeper to collector space

without an increase in neutral flow rate, we experimented with several en-

closed keeper designs which tended to collimate the neutral flow, thereby

increasing the neutral density along the neutralizer axis and hence the ion

production rate. It worked.

As Figures 3.1-10 and 3.1-11 show, the characteristic curves became

more complicated, but at x = 0.42 inch and V = 23 volts, we obtained
c c

n = 39 el/atom.
m

It is interesting to note in Figures 3.1-9 and 3.1-11 that _m is

not linearly dependent on I . This results from the reduction in total
c

mercury flow with increasing Ic previously discussed. Again, _m is

virtually independent of x .
c

A qualitative observation made with enclosed keepers was that if,

while the neutralizer was operating the spacing between the alumina and

cathode body was increased, performance degraded. We therefore concluded

that it was desirable to make this joint as leak-tight as possible.

However, following each of several experimental runs with alumina

enclosed cathode to keeper spaces it was observed that the alumina surface

became metallic in appearance and electically conducting. It was not

difficult to envision an insulator design which incorporated shadowed

-24-
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grooves which would prevent eventual shorting of the keeper to the cathode,

but the possibility of increased recombination of ions and electrons on

these conducting surfaces resulting in degraded performance was disturbing.

We therefore constructed a neutralizer with a keeper in the form of

a short molybdenum tube. This tube was spaced off the cathode slightly,

which at once allowed some mercury vapor to escape and insulated the keeper

from the cathode electrically. As shown in Figures 3.1-12 and 3.1-13, the

performance of this neutralizer was only slightly poorer than with the

alumina. This reduction can be ascribed to the escape of neutrals through

the gap, and at any rate no large degradation results from having the

plasma in contact with a relatively large conductive area.

Several other keeper configurations were also tried, but they

yielded unimpressive results. One was a 6 inch diameter, 20 mil thick

stainless steel disc with a 1/2 inch hole in its center. Spotwelded across

this hole was tungsten mesh of 1 mil wires on i0 mil spacing. This keeper

plate could be positioned with respect to the cathode. Keeper current was

unacceptably high.

Two other attempts to improve performance with the use of grids

were made. In both cases the grids were introduced as an additional

(movable) electrode in the keeper-collector space and a cylindrical alumina

keeper similar to that pictured in Figure 3.1-10 used. Both employed 2 mil

tungsten wire spotwelded on a 3 by 3 inch square frame. One used 1/4" wire

spacing and the other 1/8" wire spacing. No significant improvements were

obtained by applying various potentials at various grid locations in either

case.

The nozzle-like keeper in Figure 3.1-14 was tested. It only worked

well when the exit plane of the nozzle was within 0.i inches of the collector,

where reuse of mercury evaporating from the collector was certainly possible.

Furthermore, after several hours operation, it became quite difficult to

restart the discharge.

In order to quickly determine the approximately optimum length and

I.D. of the alumina tubing, a boron nitride block was machined with 6 holes

of varying L/D ratio as shown in Figure 3.1.15. The block was then suspended
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on a rotary-motion feed-through such that each block hole could be posi-

tioned on the axis of the keeper assembly shown in Figure 3.1-10. The

results of this experiment suggested that .035 inch I D and .i00 inch

length were near optimum.

This result, as regards the best alumina tubing length for a 0.035

ID, was further substantiated by runs with 0.200 and 0.i00 inch lengths of

tubing. The 0.200 inch length proved difficult to restart and provided

n's around 23 at x = 0.4 inch and V = 40 volts.
m c c

The 0.i00 inch length was tried with a heater power-saving, 0.07

inch OD, "miniature" cathode which had previously demonstrated discharge

performance similar to the larger cathodes. Some of the data from this

experiment is displayed as Vc vs nm at I = 250 in Figure 3.1-16. Twoc

values of x were used and are indicated. Variations of data point position
c

for a given value of x c resulted from different values of boiler pressure,

cathode temperature, and keeper current. In general, lower boiler pressures

were associated with high values of V c and _m; a broad optimum cathode

temperature was expressed in low Vc; and neutralizer performance depended

in a complicated way on the value of Ik over the range of 20 to 250 milli-

amperes with local optima occurring at multiple values. The overall inter-

pretation of this data is that the design goals of the program were met at

x < 0.4 inch: operating points with n > 25 and V < 25 were obtained.
C -- m -- C --

Table I displays qualitative relationships between the dependent

and independent variables as determined from many bell jar experiments

with the several versions of enclosed keeper neutralizers.

An interesting, if inconclusive, observation was made of the

interior of cathode number 7 during operation. This was possible by use of

a right-angle fitting between the cathode and boiler, a small glass window

on the cathode axis, and a suitably placed mirror, chamber window, and

telescope. During operation of the discharge the interior of the cathode

was observed to be very luminous, supporting earlier probe measurements

that the plasma is present throughout the cathode interior. Only subtle

changes in appearance occurred when the discharge was switched between the

spot and plume modes.
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TABLE I. Qualitative Relationships Among

the Independent and Dependent
Neutralizer Variables.

Dependent

_ . __.able

s

Independent _
Variable s _'N

Prig t

X c t

I t
C

Ik l

T
C

x k
(open l

Keeper)

L/D

Keeper

geometry

m

Strong I

None

Strong t

Modest I
2 or more

optima

Optimum
exists

(sometimes

broad)

V
C

St r ong l

Strong t

Strong t
in region
of interest

Weak I

Optimum
exists

(sometimes

broad)

None

E

i

_IV
C C

--,linear t

1

IkV k

1

4
_0-T

C

V k

Weak 1

None

Weak 1

..,None

Weak 1

Optimum
exists

Optimum
exists

Weak 1
Minimum I
exists

Small Small None None

Important Important None Weak
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Throughout t h e  r e sea rch  program d a t a  w a s  ga the red  on e r o s i o n  o f  

n e u t r a l i z e r  p a r t s  due t o  s p u t t e r i n g .  

s p u t t e r i n g  damage on m e t a l l i c  keeper  p a r t s ,  p a r t i c u l a r l y  nea r  t h e  keeper  

a p e r t u r e ,  b u t  s i n c e  we b e l i e v e  t h a t  t h e s e  p a r t s  may e a s i l y  b e  q u i t e  massive 

t h e  major i n t e r e s t  w a s  i n  damage t o  t h e  cathode p rope r .  

s e rved ,  w a s  h e a v i e s t  i n  t h e  m o s t  c r u c i a l  area - t h e  5 m i l  t h i c k  r eg ion  

surrounding t h e  a p e r t u r e  - and always c o n s i s t e d  of a chamfering o r  

"dishing out" of t h i s  s u r f a c e .  

F igu re  3.1-17. 

has  been observed on N i ,  Ma, and T a  cathodes a t  NASA L e w i s  Research Center.  

It w a s  n o t  uncommon t o  observe l i g h t  

Damage, when ob- 

A t y p i c a l  photomicrograph i s  shown i n  

We have no t  observed any evidence of a p e r t u r e  c l o s u r e  as 

3.1.4.2 Platinum Needle Hollow Cathode Experiment 

A s e p a r a t e  experiment w a s  performed t o  examine a fundamental 

ques t ion  wi th  r ega rd  t o  t h e  ope ra t ing  p r i n c i p l e s  of t h e  d i scha rge  neu t r a -  

l i z e r  -- t h e  r o l e  of thermionic emission i n  t h e  o p e r a t i n g  d i scha rge .  

an arc can b e  made t o  p e r s i s t  using a high-work-function material, co ld  

t i p ,  t hen ,  a t  least ,  thermionic emission is  n o t  e s s e n t i a l  t o  t h e  arc. The 

experimental  appa ra tus  w a s  as shown i n  t h e  s k e t c h ,  F igu re  3.1-18. 

If 

Figure 3.1-17. Photomicrograph of O r i f i c e  Region of Porous 
Tungsten Cathode. Some Chamfering Erosion 
i s  Observable 
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PLATINUM NEEDLE

0.008 I.D.
0.014 O.D.
0.06 LONG

I/8 IN. S.S. TUBE \

1-25/32 LONG \

5 MIL W FILAMENT

12
O. 125

Figure 3.1-18. Platinum Needle Cathode Experiment
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A platinum needle 1/16 inch long and of 0.008 inch I.D. was mounted

in a 5-mil-thick tantalum plate welded to the end of a stainless steel tube

0.125 inch in diameter and 1-25/32 long, which in turn was attached to the

neutralizer boiler. A tungsten filament of 5-mil wire was located near the

platinum tip to provide heating for the needle and electrons by thermionic

emission to ignite an arc. An electric field was established on the needle

tip by a movable keeper in which a 1/8 inch hole was made to allow for

transfer of electron current to a collector plate (not shown). It was much

more difficult to strike an arc in this device than with an ordinary neu-

tralizer cathode. Nevertheless this was accomplished twice with the boiler

at normal starting pressure, and the arc was made to persist after the

tungsten filament was turned off. The needle was heated by the discharge

to red heat. The discharge extinguished during an attempt to transfer

current to the collector, and it was not possible to start it again. At

this time, however, there was evidence of mercury leaks around the weld

between the end of the stainless tube and the tantalum plate, and it is

likely that there was inadequate flow of mercury through the needle.

There is an outside chance that the observed discharge was sup-

ported by the presence of trace surface contaminents of an alkali metal,

contained in or on the platinum or transported to it by the mercury feed,

which sufficiently lowered the work function on parts of the surface to

permit thermionic emission. Had contract funds been available for further

experiments, further efforts to continuously operate the discharge would

have been made, thereby assuring that any such trace contaminents would

have thermally desorbed. That would have strengthened our tentative con-

clusion that thermionic emission in the discharge neutralizer cathode,

while it might be helpful, is not essential to the operation of the arc,

once struck.

3.1.5 Fabrication and Testing of Deliverable Hardware

During the final phase of the program_ 5 neutralizer assemblies

were fabricated in accordance with a design approved by the NASA Program

Manager. A cross section of the cathode assembly is depicted in Figure 3.1-19.
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The impregnated cathode, potted heater, and vapor delivery tube are all in-

cluded in the sub-assembly, Spectra-Mat Catalog Number B740. The keeper

and clip insulators, keeper assembly and heat shielding were added during

the fabrication process at TRW. In the order of fabrication, these assem-

blies were designated serial numbers i to 5, inclusive. Numbers i, 3, and

4 were each tested with a 15-cm electron bombardment thruster supplied by

NASA Lewis Research Center and then shipped to NASA Lewis Research Center

for further evaluation. The number 5 unit was kept as replacement hard-

ware until the end of the program, at which time it and the number 2 unit

were sectioned for microscopic examination of the orifice region. The

number 2 unit was subjected to a more extensive series of tests than any

other. Its history is described in Section 3.1.5.4.

3.1.5.1 Electrical Connections in the Testing Facility

Certain aspects of the test facility are of importance to the

significance of these test results. The diagram of Figure 3.1-20 illustrates

some of these aspects. The end of the 4 x 8 foot tank is fitted with an

electrically isolated, water cooled, 1/4 inch thick copper ion beam collec-

tor. Between it and the midpoint of the tank is a separately isolated, water

cooled copper cylinder approximately 3 feet in diameter. Another isolated,

cryogenically cooled liner of smaller diameter is placed between the engine

position and the downstream shroud. Accordingly, the first impact of any

ion leaving the thruster in the forward hemishpere will be on one or the

other of these isolated surfaces. In normal operation all three are con-

nected together and returned to the collector grounding switch. Not shown

in this sketch is the stray capacitance of the collector ensemble and

leakage through the water lines to ground (_ 1500 pF and > 20,000 _,

respectively).

In addition to numerous meters and oscilloscope test points for

observation of instantaneous values of operating variables, provision is
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made for recording six operating signals on strip-chart recorders. These

are:

i. Collector Voltage VCOLL i00 volts full scale

2. Log Tank Pressure P i0 -I0 to 10 -3 torr

.

4.

.

lon Beam Current

Collector or Neutralizer

Current

Neutralizer Boiler

Temperature

IBEAM

ICOLL or

INEUT

TBOILER

250 mA full scale

250 mA full scale

20 mV full scale (above

22°C)(I-C thermocouple)

6. Neutralizer Keeper VKEEPER
Voltage

I00 volts full scale

When the collector grounding switch is closed, the collector is

returned to ground through the recorder shunt and an additional 400 ohms.

This latter is an arbitrary value selected to give a full-scale i00 Volt

signal on the collector voltage recorder when the ion beam current is 250

milliamperes.

All power supplies in the neutralizer circuit are returned to a

common point, which in turn is connected to the same recorder shunt as the

collector. Accordingly, as the collector grounding switch is opened no

interruption in the neutralizing current chart reading is observed. Also,

the common point for the thruster power supplies is returned to ground

through the ion beam current recorder shunt. In this way, the anode im-

pingement current is not included in the beam current measurement, although

it is indicated separately by a meter. With the connections made in this

way, it is possible to maintain accurate accounting of neutralizing elec-

trons as they leave the thruster power supplies and as they return to the

beam ions, either through the neutralizer alone or through the sum of

neutralizer (if any) and collector currents.
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3.1.5.2 Operating Procedure and Typical Performance Data

The objective of the ion beamtests of the deliverable neutralizers

was to makemeasurementswhich would enable a comparison of the performance

of each device with the program design goals. Practically, this meant

determining the best operating point, in terms of minimummercury efflux,

minimumpower loss, and maximumwithdrawal from the ion beam, during a pro-

longed period of beamneutralization. During these tests the thruster was

operated with 250 milliamperes beam current at a net accelerating potential
of 3000 volts.

The condition of thruster beamneutralization was specifically

interpreted at TRWas requiring that for a 250 milliampere ion beamfrom

the thruster the neutralizer achieve and maintain control of the potential

of a floating ion beamcollector within 30 volts above neutralizer potential.

In most runs it was found that stable operation could only be achieved if the

collector potential were held to something between 9 and 13 volts; any

attempt to increase this voltage slightly would lead to an abrupt transition

to unstable operation with an average collector potential between 50 and
250 volts.

A typical start-up sequenceis shown in the strip-chart records

of Figure 3.1-21. The total time interval shown is divided into a number

of periods as follows: Between (i) and (2) the thruster vaporizer is warming

up. After thruster operation has been stabilized at the design level, and

the keeper voltage has been applied, (2) to (3), the neutralizer boiler heating

is begun at full power. The appearanceof a neutralizer arc starts period (4).
This event is signalled by a drop in keeper voltage to its operating level

and, a simultaneous drop in collector potential to something less than i00

volts. At this point, also, the neutralizer boiler is switched from full

heater power to automatic control at the operating temperature, and the

collector grounding switch is opened. If the collector voltage drops to
less than 30 volts as it should, the run timer clock is started. Some

minor adjustments of a number of things are usually required during the

subsequent i0 to 30 minutes, after which the run continues with a minimum
of attention.
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Figure 3.1-21. Samples of Strip-Chart Records from an Ion Beam

Neutralization Test. The Lower Portion Shows a

Typical Start-Up Sequence, the Upper Portion Shows

an Abrupt Increase in Collector Potential which was

Corrected by a Slight Adjustment in Neutralizer

Boiler Temperature
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The chart records (from Run 6, 26 May 1967) show that until the

neutralizer arc is struck, the collector current and voltage (VcoLL =

400 ICOLL) signals follow the ion beamcurrent signal in detail. After
that, the collector potential is determined by neutralizer behavior, and,

until the collector grounding switch is opened, the sumof collector and

neutralizer currents equals the beamcurrent. No interruption is seen in

the neutralizer current trace whenthe collector circuit is opened, and

(except for the pen's hitting a stop) detailed matching of the two current
traces continues.

Someinteresting observations can be madeconcerning the short

chart records taken later in the run. After a period of slowly increasing

noise level, the collector potential suddenly rose to an average of 750

volts with marked increase in noise. Whenthis condition was discovered,

and before corrective action was taken, a photograph of the collector

voltage oscillogram showedthe disturbance to be in the form of high-

frequency bursts with peak amplitudes up to 300 volts. Normal operation

was restored by increasing the boiler temperature from 179 to 182 and then

back to 178°C. In this, as in manyother instances, no hint of the event

is noticeable on the keeper voltage recording. Therefore, it seemsunlikely

that the keeper voltage could be used as a control signal. Perhaps, in

someother keeper configuration, the transfer function between beampotential

and keeper signal might have a useable amplitude, but this remains to be
demonstrated.

3.1.5.3 Environmental Testing of Neutralizer Cathodes

During the research phase of the program two barium impregnated

neutralizer cathodes were subjected to the sinusoidal vibration test pre-
scribed for the deliverable units. No failures or detrimental effects

could be observed. Oneof these cathodes was of the samesize as the later,

deliverable units; the other was a muchsmaller unit, consisting, essentially,

of an impregnated porous tungsten plug inserted in the end of the 0.090

inch O.D. vapor delivery tube.

During the final tesing phase of the program, the S/N 2 unit was
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subjected to a more complete environmental test program without failure. This

series of tests was performed between runs 1 and 2 with the mercury thruster.

3.1.5.4 Summaryof Test Results

Testing of the deliverable hardware began with the ion beamtest,

Run i, of 16 May 1967, using neutralizer S/N i. The floating collector voltage
was stabilized at 30 volts throughout the run. A short in the boiler thermo-

couple madeautomatic control impossible and data reduction difficult; 3.7

hours after start of beamneutralization, the run was terminated by a failure

of the ribbon filament in the thruster. An estimate of the mercury efflux

rate from the neutralizer during operation is 11.8 mAequivalent. This esti-

mate was based on power supply settings, and observations of neutralizer opera-

tion (for comparison with previous operating points for similar operation).
For other runs, mercury efflux measurementswere from gravimetric data. The

S/N 3 and 4 units were tested in runs 5 and 8 on 25 May, respectively. For

these runs, an oxide matrix cathode was used in the thruster, and the run

times were extended to 9.0 and 8.6 hours. Mercury efflux rates were between

9.85 and 8.97 mAequivalent with collector potentials held between I0 and 12 volts.

The history of S/N 2 wasmore extensive and is summarizedin

Table II. It was first operated with the ion engine for 8.6 hours,
Run 2,then subjected to environmental tests including at least 24 hours

exposure to atmosphere, then four more cycles of over 8 hours thruster

operation and 24 hours or more in atmosphere (Runs 3, 6, 7, and 9). At

this point, in a test of another neutralizer on another program, it became

apparent that a significant current of charge-exchange ions was being drawn

from the neutralizer discharge to a shield around the edge of the thruster

accel grid, and had completely sputtered through the shield. Accordingly,
the shield in the thruster used in this program was changed from -2000 volts
to ground potential, with the result that the neutralizer could now be

withdrawn an additional 3/4 inch from the beamedge with equivalent per-
formance. At the closer position, erosion of the keeper electrode was

quite obvious but not measured. Following this change, no further erosion

was seen; on the contrary, the keeper began to be coated with copper

sputtered from the ion beamcollector surfaces. Run i0 was used to verify
these changes and to determine the operating point for the 500-hour test
which followed.
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TABLEII. History of

DATE RUN mA/Torr mA
1967 (typ) (equiv)

Keeper to beamaxis: 3.3 in.

18 May 2 0.93 8.85

23 3 1.06 10.56

26 6 1.29 12.26

29 7 1.26 12.55

i June 9 1.28 10.54

S/N 2 Neutralizer Cathode

% of el/ V Hrs this
coil

.3A Atom run

Clock Total

2.95 28.3 25 8.6 8.6

3.5 23.6 I0 9.0 9.0

4.08 20.6 Ii 8.3 8.3

4.16 19.9 i0 9.0 9.0

3.5 23.7 9.2 9.0 9.0

8.6

17.6

25.9

34.9

43.9

Keeper to beam

8 i0

13-15 ii

16-19 12

19-20 13

21-23 14

23-24 15

27-30 16

8-9 July 17 t

16-18 18"

19-21 19"

21-23 20

24-26 21

27-29 22

30-2 Aug 23,24

For the 500 hour

- - 11-24

axis: 4.06 in.

2.02 i0.ii

START

2.204 13.89

2.72 12.52

2.6 11.71

2.42 10.9

2.45 11.51

2.51 11.78

3.2 20.2

i. 51 9.07

4.7 22.1

2.62 14.4

2.69 14.8

2.98 14.

2.56 11.5

test as a whole,

2.76 ii.00

3.37 24.7 10+-2 3.2 3.2

500 HOUR TEST

the

4.63 18. 12 47.1 47.1

4.17 19.9 13 66.5 113.6

3.90 21.3 12 14.3 127.9

3.63 22.9 12 47.3 175.2

3.84 21.7 12.5 22.6 197.8

3.93 21.2 13 78.4 276.2

6.7 12.4 i0 7.2 283.4

3.02 27.6 13 33.4 316.8

7.4 11.3 12 19.2 336.0

4.8 17.4 13 40.7 376.7

4.9 16.9 13 42.4 419.0

4.7 17.8 12 53.9 472.9

3.8 21.7 13 29.3 502.2

values are

4.33 19.23 12.5 - 502.2

*See text

,
Note :

16-21

There is a possibility of error in weight measurement between runs

18 and 19. Values for the two runs taken as a whole are:

18,19 2.98 14 4.7 17.8 12.5 52.6 336.0

47 .i

94.2

160.7

175.0

222.3

244.9

323.3

330.5

363.9

383.1

423.8

466.1

520.0

549.3

549.3

383.1
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An experiment was performed during Run 6 to determine a relation-

ship between mercury efflux and neutralizer withdrawal. The thruster beam

current was held at 250 to 260 milliamperes. Then for each of several

boiler temperatures, the maximumstable value of collector current and

maximumwithdrawal distance of the neutralizer for stable coupling were

noted. The results are shownin Figure 3.1-22 in which mercury efflux is

plotted against the radial distance from the neutralizer keeper to the beam

axis with corresponding collector potential at each point. Note that

mercury efflux is given in three sets of units: equivalent milliamperes of

Hg+, as a percentage of the estimated total mercury efflux of the thruster

(300 milliamperes equivalent), and as the ratio of 250 milliamperes of

electrons to the actual efflux rate. Values of mercury efflux were com-

puted from boiler temperature measurementsusing the assumption that efflux

is directly proportional to internal vapor pressure when neutralizer current

is constant. For Run I0, et seq., with the accelerator at ground instead

of -2000 volts, this function should be considerably different, but was not

re-examined. The minimumchange to be expected would be a shift of the

curve to the right by 3/4 inch in radial distance.

The 500-hour test was broken into a number of runs because of a

variety of difficulties, mostly connected with the filament-type cathode

used in the thruster but including liquid nitrogen flow failure and others.

One vacuumfailure allowed the neutralizer to be exposed to air pressure in

excess of 200 microns while at operating temperature. Whenrestarted, both

the neutralizer performance and thruster cathode performance were poor; at

this point Run 16 was terminated. During the first 4 hours of Run 17, the

neutralizer was operated at higher than normal boiler pressure and rapid

improvement to near normal neutralizer performance was observed, with full

recovery by the end of the run. No run was terminated by failure of the
neutralizer.

An enlargement of the cathode orifice over the 500-hour test from

0.0055 inch to 0.0065 was noted. In view of the low potentials involved,
this is difficult to explain on the basis of ion bombardment,but it might
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be the result of evaporation of tungsten oxide from repeated exposures to

air.

Overall performance for the 500-hour tests can be summarized as

follows:

Neutralizer electron current

Cathode heater power

Keeper power

Mercury efflux

Typical collector potential

Milliamperes/watt

250 milliamps

25 watts

0.7 watts

13 milliamps (equiv.)

4.3% of .3 amperes

19.2 electrons/atom

13 volts

i0

Following the 500-hour test, the S/N 2 and 5 cathode assemblies

were encapsulated and sectioned for photomicrographic study. No results

are available for the S/N 5 unit, inasmuch as the orifice region of the

cathode was broken out during the sectioning process. Good pictures were

made of the number 2 unit, however, and one of these is shown in Figure

3.1-23. The section through the cathode orifice is centered near the

bottom of the figure. At the upper right and left one sees the keeper in-

sulator (at middle right and left, a portion of one of the two shadow

grooves is evident). Elsewhere in the picture the material is the alumina-

powder-filled epoxy encapsulating compound or voids. The internal diameter

of the keeper insulator is 0.035 inch. On this scale, the minimum orifice

diameter at the end of all tests is 0.0065 inch; the thickness of the porous

tungsten in the orifice region is 0.004 to 0.0045 inch. What appears to be

a 45-degree chamfer on the right side of the orifice is known to have been

chipped out during the polishing process. In the original photograph some

light erosion on the outer face of the cathode is noticeable. The principal

"wear" mechanism seems to have been rounding and slight enlargement of the

edge of the orifice during the operating life of the device.

-51-



Figure  3.1-23. Photomicrograph of S e c t i o n  of t h e  
S/N 2 Cathode Showing O r i f i c e  Region 
and P o r t i o n  of t h e  Keeper I n s u l a t o r .  
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3.1.6 Current Understanding of Discharge Neutralizer Physics

3.1.6.1 The Cathode Region

There are some notable similarities between the mercury discharge

neutralizer and the liquid mercury cathode. Both can produce an arc dis-

charge characterized by extremely high current densities, electrode poten-

tials near or even below the ionization potential of mercury, and a bright

spot associated with the seat of emission. Controversy among many eminent

scientists about the physics of the mercury arc has persisted over the last

60 years, and many basic issues remain unresolved today.

A central point of controversy has been the electron emission

mechanisms of the mercury cathode. Every known emission process has been

seriously proposed: thermionic emission due to local heating, field

emission due to intense space charge electric fields, Auger emission due to

cathode bombardment by low energy ions or excited neutrals, and photo-

emission due to the intensity of the spot illumination. Each theory has been

proved and disproved owing to the paucity of fundamental and trustworthy

data. Nonetheless, useful devices, including the mercury rectifier, have

been made using this mysterious cathode.

It will therefore not surprise the reader to learn that we cannot

conclusively identify the important emission mechanisms of the discharge

neutralizer as a result of this device oriented program, however, two ob-

servations may be made: first, field emission would seem somewhat more

favorable for a solid cathode than for a liquid because of the ever present

possibilities of microscopic surface roughness and the attendant enhance-

ment of electric field strength. Second, each of the possible emission

mechanisms becomes more favorable with lowered surface work functions.

From a scientific viewpoint, the similarity of the discharge

neutralizer and the mercury cathode has a very encouraging aspect. If the

similarity is more than superficial, information and understanding gained

on the neutralizer may be relevant to this historic problem. The neutra-

lizer is experimentally much more tractable than the mercury cathode arc in

that the spot location is fixed and mercury feed rates may be controlled
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and measured. Plasma probing is easier than with the moving spot.

3.1.6.2 Bridge Region

The need for space charge neutralizing ions in the coupling region

between the neutralizer and the ion beamhas been previously discussed. In

fact, the principal performance limitations of the device which have been

encountered seemto result from an inadequate numberof ions in the bridge.

Prior to operating the discharge neutralizers with an ion engine,

it was expected that they would exhibit more favorable performance operating

into the thrust beamthan with a solid collector. This expectation was

based on the knowledge that the engine was a source of charge exchange ions

and neutral atoms, both of which ought to contribute to formation of the

plasma bridge. These contributions were thought to exceed that of mercury

atoms returning from a solid collector except when the keeper to collector

spacings were so small that mercury was "bottled up" between these two planar
surfaces.

Up until the final tests of the program -- the deliverable hard-

ware tests -- neutralizer performance was somewhatpoorer with a thrust

beamthan with a solid collector. However, when the -2 kV accelerator grid
of the engine was partially electrostatically shielded from the neutralizer

cathode and bridge region, a notable increase in the allowable value of x
c

resulted. This increase, plus the previously observed erosion pattern on
negative electrodes near the neutralizer seemsconclusive evidence that

during previous engine runs a significant numberof bridge ions were robbed

by these electrodes.

Although this shielding has lowered the necessary ion production

rate, ion production is still a fundamental essential of the device opera-
tion. Weare therefore interested in both the mechanismand the location

of this production. Twomechanismsare possible: one-step ionization by
collisions between neutral atoms and electrons with energies in excess of

the ionization potential, and two-step cumulative ionization by collisions

between excited atoms and lower energy electrons. The latter process is
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believed to be important in somemercury pool cathode arcs, and could be

associated with the low keeper potentials (_ 7 volts) occasionally observed.

Ionization by the two-step mechanismwould only be expected in the

luminous volume near the cathode since excited atoms do radiate photons.

For ions produced near the cathode to proceed to the dark bridge space

they must be subjected to a force in that direction. Their thermal energy,

if it consists only of that gained from the _ 1000°C cathode, is minute.

Depending on the concentrations of neutrals and ions in the near vicinity

of the cathode, a significant diffusion force could exist, abetted by the

directedness of the atomic flow out of the orifice. Another possibility is

a maximumin the plasma potential at the location where ions are produced
6

such as has been observed with probes in the thermionic arc. Then ions

could diffuse through the bridge under an electric field. Ionizing electrons

which have given up someof their energy, and the new electrons which are

the product of ionization and have little energy regain sufficient energy

to diffuse against this field by interacting with energetic primary
electrons.

If the bridge ions are produced in the bridge itself, then one

pictures at least a slight axial electric field accelerating these ions

toward the cathode. In the absence of plasma oscillations, the gradients

in the bridge plasma potential would necessarily be slight indeed. Conse-

quently, to account for the cathode to beampotential, Vc, a sheath would
be required at one or both ends of this virtually unipotential column.

Electrons traversing such sheaths would gain energy and becomemore efficient
ionizers.

3.1.7 Couclusions

During the course of this program, experimental evidence has been

gathered in support of the following conclusions:

• Barium ...... _ _ _^iuLpL=_,=Le_ porous tungsten dispenser _=L,ude_ are

suitable for use as neutralizer cathodes. In particular, the

low work function surface which they provide is not damaged by

ion bombardment in normal operating conditions, and is easily

recovered if damaged by exposure to air.
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A significant improvement in mass utilization efficiency was

achieved by enclosing the region between the cathode and

keeper with an insulating sleeve. Operation of the device

is not impaired if the interior of the sleeve becomesa

conducting surface so long as a direct short is not formed

between the cathode and keeper (shadowgrooves are able to

prevent this from happening).

Although an optimumsize for the cathode aperture was not

established in this program, reduction in orifice diameter
from 0.005 inch to 0.002 inch resulted more in an increase

in required vapor pressure than in an improvement in mass
utilization.

Operation of the neutralizer with a 15 cm electron bombardment

ion engine was successfully accomplished for a cumulative

period of over 500 hours. At the end of this test a small
increase was noted in orifice diameter. The cause of this

enlargement is not known-- it cannot be explained on the

basis of ion bombardmenterosion. A suggested explanation

is that it is due to evaporation of tungsten oxide formed

during repeated air exposures.

Electrical coupling between the neutralizer and the thrust

beamplasma from the ion engine was found to give low (9 to

15 volts) injection potentials with stable and relatively

quiet operation whenthe following conditions simultaneously

exist : minimumadequate mercury vapor efflux, minimumadequate

keeper current, maximumallowable withdrawal from the beam,

maximumallowable magnetic field, optimum cathode temperature,
and maximumallowable extraneous electric field. Near a

critical operating point, the neutralizer operation could be

switched from stable operation to an unstable, noisy condition

with high (50 to 300 volt) injection potentials. Suitable and

unsuitable operating regions are readily observed if the entire

engine thrust beamis collected on an electrically isolated

surface having low capacitance to the thruster power supply
commonpoint.
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The final performance can be comparedto the design goals as
follows:

i. The electron emission requirement of 250 mAwas more of a

constraint than a challenge.

2. Electron production efficiency of i0 mA/watt is less than

the goal of 15 mA/watt, principally because of the high

(25 watt) heater power requirement of the large size cathode.

Unfortunately, the time and contractual constraints of the

program did not enable us to test the smaller type extensively.

3. The goal of 9 mAequivalent mercury efflux (maximum)was

occasionally achieved, but not consistently exceeded by a

significant safety margin. In order to produce realistically

meaningful results with respect to the eventual neutralization

task, constraints not actually called for in the contract

were imposed. These related to the maximumvalue and noise

quality of the floating collector potential and to with-

drawal of the neutralizer from the beamedge. Our experience,

together with that at NASALewis Research Center, suggests

that this goal is a realistic one, and potentially achievable.

4. The potential life of the device is not easily predictable
from our results, inasmuch as the maximumhole size at the

"failure point" is not known. From the knowledge that such

discharges have been obtained from cathode orifices larger

than 0.010 inch, the operating life may well be over 3000
hours.

5. No significant permanent effect of air exposure has been

seen, unless the erosion is related to these events as
discussed above.

6. The type of neutralizer developed in this program is poten-

tially capable of flight-hardware development. A first step

In .................... be _,= u==±sL_-=~-of an enclosed keeper

assembly for the smaller size cathode.
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3.2 RESEARCHANDDEVELOPMENTOFAN ELECTRICFIELD STRENGTHMETER

A program of research and development has been conducted on an

electric field strength meter (E-meter) of the linear strip variety. This

basic design, shownconceptually in figure 3.2-1, is based on the use of a

single hot wire filament as an electron emitter. The electrons are accelera-

ted by the hood-grid structure and deflected in the space between the grid

and the collecting plates by the externally applied electric field which is

to be measured. Work done in development of this instrument was expended in
several areas:

• Investigation of tungsten-rhenium alloy as a filament material

• Design and fabrication of breadboard power and signal conditioning
circuitry

• Calculation of electron trajectories and development of design
equations

• Fabrication of an E-meter and comparison of its performance with
that predicted by the design equations

• Investigation of the effects of environmental factors such as
magnetic fields and plasma particle currents on performance.

The first two of these items is discussed in 3.2.1 and 3.2.2. The remaining

items are covered in the paper, "Electron Emissive Surface Electric Field

Meters," by H. S. Ogawa,R. K. Cole, and J. M. Sellen, Jr. which has been

published in The Review of Scientific Instruments. A reprint of this paper

is included in Appendix A.

Someadditional work, performed under a separate program, is reviewed

in 3.2.3. It is included in this report because of its relevance to the pro-

blem of measuring the surface electric field strength on a spacecraft.

3.2.1 Investigation of Tungsten-Rhenium as a Filament Material

An obvious choice for filament material in an E-meter is, of course,

pure tungsten wire. However, this material becomes notoriously brittle when

operated above its recrystallization temperature, and this necessarily occurs

when tungsten wire is used as an electron emitter. An anticipated requirement

for any space flight instrument is that it be thoroughly tested prior to launch.
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Hence, one is obliged to launch either an untested or an embrittled filament

if tungsten is the filament material. This dilemma motivated the examination

of the properties of tungsten-rhenium alloy.

Samples of 0.002-inch-diameter wire of tungsten-25% rhenium material

were mounted in a developmental model E-meter and operated for various lengths

of time. Certain conclusive results were readily obtained:

• The tungsten-rhenium wires remained ductile (could be bent without

breaking) after having been heated to electron-emission temperatures.

• Because of higher work function and thermal emissivity, heating

power requirement for the same size wire was roughly twice that

of pure tungsten.

• Subtle changes were noted in wire performance over periods of

hours.

In order to pinpoint the nature and causes of slow variations in

filament performance, a series of diode experiments was run. A diagram of

the apparatus is shown in figure 3.2-2. The filament is supported in a spring

clamp held in synthetic mica mounted on a lava base. The central anode and

the two guard electrodes are made of stainless steel; each is 1 cm in diameter

and 1 cm long. Filament power is supported in the form of half-sine-wave

pulses at 300 Hz; readings of diode currents are made during the intervals in

which the longitudinal voltage drop in the filament is zero. Measureable

quantities, as shown, are

V anode to filament potential V

Vf filament heating voltage V

if filament heating current mA

i filament emission mA
e

ib anode current mA

i guard electrode current mA
g

The data shown in figure 3.2-3 were taken at one point during a 4-day

accelerated aging test. During this period, the heating power to the fila-

ment was on continuously with the filament at a relatively high temperature

(_2700°K). At intervals, the filament temperature was reduced to obtain

three definite values of emissi0n-limited current, and a set of data was taken

-60-



O

Vf

'SCOPE TRIGGER

T

q--O

I00_ I i

fe

0--

i

100_ __o

/_tl ib

- g+

I

Figure 3.2-2. Diagram of Diode Experiment.

-61-



120

100

80

6O

4O

2O

10

8

6

,- 4
<

v

.Q

!

0.8

0.6

0.4

0.2

0.1

EFFECTIVE PULSE HEATING
VALUES 300 CPS

o if = 0.65 AMP l 5.48 WATTS

Vf = 8.49V I 13.14,[),

a if = 0.59AMp [ 4.52 WATTS

Vf = 7.58V J 12.72,_

A if = 0.54 AMP 3.63 WATTS

Vf = 0.69 V 12.32,Q,

4/12/66

3/2 /

I I I I I I I i

2 4 6 8 10 20 40 60 80100

V (VOLTS)

Figure 3.2-3. Diode Characteristics for Three

Heating Power Levels.

-62-



at each point. One such set of data is shown. During the 4-day interval,

although the characteristic curves remained unchanged, the filament operating

point required to obtain the specified values of emission-limited current did

not. Variations in filament heater power and filament resistance for three

emission levels during the test are shown in the following tabulation. The

heater power was seen to decrease for a given emission, although the filament

resistance continuously increased. These results indicate either a decrease

in work function, a decrease in emissivity, or an increase in resistivity of

the filament material, or some combination of these factors.

Power Input (Watts)

4/11 4/12 4/13 4/1__4

5.87 5.48 5.088 5.070

4.89 4.52 4.192 4.127

4.056 3.63 3.351 3.350

Resistance (Ohms)

4/11 4/12 4/13 4/1__4

11.98 13.14 14.13 14.52

11.57 12.72 13.63 14.00

11.27 12.32 13.04 13.40

Examination was made of the filament after test. The most obvious

effect was a change in diameter of the central portion of the wire from an

initial value of 0.00225 to 0.00200 inch, a 20% reduction in cross section.

The change in total resistance was from 11.98 to 14.5 ohms-- an 18% change.

This test does not attempt to predict the aging rate for normal opera-

tion of filaments of this material. Inasmuch as the cold trap of the oil-

pumped vacuum system was not in continuous operation, it is conceivable that

some carbiding of the #_i .... + could have occurred. However, an _ _ === in

either the emissivity or the work function as a result of carbiding would have

led to results opposite to those observed. During the test, the gas pressure
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might have increased to the point where ion bombardmentof the filament
occurred. But for a pressure p of 10-5 torr, and electron path length

r - 0.5 cm, the ratio of ions to electrons is given by

n+
n

- arp _ 5 x 10 -5

where a is the electron-bombardment ionization cross section = i0 ions/torr-

cm. It seems likely, therefore, that the observed effects were due to eva-

poration of rhenium from the filament.

The prediction of unacceptably short life (albeit inexact), together

with the indicated instability of material composition and the heating power

penalty, make tungsten-rhenium alloy a poor choice for the E-meter filament.

The diode characteristic as shown in figure 3.2-2 only approximates

the 2/3 power dependence expected from the perveance equation

ib = KV 3/2.

If, however, the total interelectrode voltage

V = VB + V C

where VB = applied voltage as read from a meter, and

VC = contact potential and virtual source potential,

one may derive

ib2/3 K 2/3= (vB + vc)

Hence, ib 2/3 is a linear function of VB provided VC holds constant. Plotted

in this way the diode characteristic indicates a V C contribution of -2.5 volts.

When this is added to the measured potentials, the experimental points as

shown in figure 3.2-4, compare well with space-charge limited current values

predicted by the Child-Langmuir equation
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where

-6

ib = 2.34 x i0

V 312

r2 B2
A (amperes)

r = anode radius (cm)

B = Langmuir-Blodgett function for cylinders

(= 1 ± .046)

A = anode area (cm2).

3.2.2 Development of E-Meter Power and Signal Conditioning Electronics

The goal of the electronic circuit design phase of the E-meter task

was to develop an electronic package which would obtain all required power

from the spacecraft power supply, provide for power and control requirements

for the E-meter transducer of the generic type shown in figure 3.2-1, and

supply appropriate analog signals to the spacecraft telemetry system. Specific

requirements and constraints placed on the circuit design are:

• Spacecraft power is assumed to be 28 volts, nominal, dc.

• Filament heating power is dc, regulated on filament emission.

Power is interrupted during measurement interval.

• Filament bias potential is -20 volts, dc.

• Signals from up to three sets of electron collecting plates are

to be telemetered.

In order to check out the design of the system, a complete breadboard

package was built. This was tested, first alone, then with vacuum tube diodes,

and finally with an operating E-meter. A block diagram of the system, less

power supply, is shown in figure 3.2-5. A clock and gate driver was included

in the breadboard design, although it is expected that suitable signals for

gating of the filament power and sample and hold circuits could be obtained

from the spacecraft telemetry circuits or on-board computer. With timing

pulses suitably synchronized to the commutator reading the amplifier outputs,

it would likely be possible to eliminate the sample and hold also.

3.2.2.1 Filament Power Supply

It is important with this instrument to stabilize the filament emission.

Accordingly, an emission regulator circuit has been incorporated in the fila-

ment power supply. Part of this circuit is a special control anode, a half

cylinder 1 mm in diameter and 2 mm long located at one end of the electron-
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emissive portion of the filament. The spacing between the filament and this

anode is much smaller than that between the filament and the accelerating

grid. Thus it is possible to operate the filament at the minimum power level

which causes it to run emission limited in the region of the small anode, and

space charge limited elsewhere. This circuit is designed not only to provide

additional stabilization against power supply voltage variations but also to

adjust filament power appropriately to compensate for filament aging over

its useful life. A schematic diagram of the filament power conditioner is

shown in figure 3.2-6.

3.2.2.2 Amplifiers, Sample-hold, and Clock Circuits

A schematic diagram of the signal amplifiers, the sample and hold,

and clock circuits is shown in figure 3.2-7. The amplifiers chosen for

this breadboard circuit are integrated-circuit modules, Type SN 525A. The

requirements of the circuits are sufficiently modest that any of several

similar devices could be used. The timing of the filament blanking gate and

measurement interval is a compromise among three factors: high filament

power duty cycle, minimum sample and hold error between samples, and fre-

quency response of the input amplifiers. As designed, the clock provides a

12V, 1 msec pulse to the filament power switch to turn it off. Between 80

and i00 microseconds after the filament is turned off, the sample-hold accepts

a signal from the selected amplifier. The delay is necessary to permit

settling of the input amplifiers following the transient caused by returning

the filament bias to the -20 V level. During the remaining 900 microseconds,

the sample-hold is permitted to settle. At the termination of 1 msec pulse,

the filament resumes heating and the sample-hold retains the last level seen.

Nine msec later the cycle repeats. Maximum data rate of the present design

is about 25 Hz before aliasing becomes a problem.

3.2.2.3 Power Supply

The power supply schematic diagram is shown in figure 3.2-8. The

design is conventional other than the short circuit protection provided for

at the input series regulator. This feature is considered necessary to permit

current limiting during cold starts of the filament. Peak power with a cold
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filament at full voltage is 5 to 6 times the average operating power, and is

inclined to induce premature failure of the filament through the development

of a hot spot.

3.2.2.4 Breadboard Testing

The filament control portions of the circuit were tested with a

standard radio type vacuum tube. Initial problems were encountered because

of the long thermal time constant of the indirectly heated cathode. This

was overcome in a special vacuum diode fabricated for the purpose which used

a wire filament and an anode similar to the control anode in the E-meter.

The breadboard circuit was also tested with an operating E-meter, but only to

the extent of verifying that all circuits were operating as they had been

designed to do.

3.2.3 Review of Recent E-Meter Development

The potential of an ion engine-propelled spacecraft may be driven

negatively with respect to the ambient plasma if beam current neutralization

is not adequate; it is unlikely that the spacecraft potential will shift very

far in a positive direction. Hence, the useful range of E-meter sensitivity

should coincide with a wide range of negative spacecraft potentials.

When the linear-strip E-meter was reviewed as a candidate for a

particular spacecraft application, it became apparent that the range of sensi-

tivity of this instrument for negative spacecraft potentials was inadequate.

(In Appendix A, figure 3 of the Rev. Sci. Instr. reprint shows the negative

values of E for Ii/I = 0 are much less than the corresponding positive values.)e

In other words, the electron beams within the instrument could be quickly

swept away from the craft by this polarity of surface field.

A type of E-meter is currently under development at TRW Systems for

use on a particular electrically propelled space vehicle, which retains the

advantages of the linear strip instrument and also provides uniform sensitivity

over _h_ _n_==_ng range _ =p=_=_a _ _=_1_ This work _ being

sponsored by the Aero Propulsion Laboratory of Wright-Patterson Air Force Base

under Contract No. F33615-67-C-I141. The device can be described with reference

to figure 3.2-9. A slab beam of electrons is generated by the negatively

-72-



LCOVER PLATE /;COLLECTING

/APERTURE //PLATES

EINS / // HIGH GAIN

p(" // _DIFFERENTIAL
V__,k_j i/__.jl _/ / _ AMP L IF I ER

. Iol I r/-I"_
/ lolL_-_x.._i_ t _OUTPUT

l_.,_/'JJJJ,-- "4.--"!._JJ-_JJ,, 4

DEFLECTION
PLATE

Figure 3.2-9. Electron-Beam, Null Deflection Electric

Field Meter Developed Under Air Force Contract.

-73-



biased tungsten filament and the focusing electrodes. In the drift space

between the grounded exit slit and the collecting anodes, the beam is sub-

jected to the electric field which penetrates the aperture in the cover

plate and to the counteracting field of the deflecting plate on the bottom.

The potential of the deflection plate is controlled by a high-gain differential

amplifier so that actual electron beam deflection is made very small. The

deflection plate potential is thus almost directly proportional to the surface

electric field to be measured, making data reduction very simple.

The present design of the instrument is such that a full-scale ± i0

volts on the deflection plate corresponds to -i0 kV/m to +15 kV/m. The upper

and lower plates and the sides of the instrument are made of annealed high-

permeability iron alloy so that the transducer has a sensitivity to magnetic

fields of about 0.1% of full scale per gauss. The instrument is, to first

order, insensitive to variations in filament emission and electron beam drift

velocity, and hence, no longer requires a tightly regulated power supply.

Transducer weight is 4 ounces; its volume is 1.3 cubic inches ex-

clusive of connectors. The power and signal conditioning electronics are of

nearly the same size and weight, exclusive of cabling. An entire system should

be fully flight qualified by mid-1968.

-74-



3.3 BEAMNEUTRALIZATIONTESTSANDSPACECRAFTDIAGNOSTICS

3.3.1 Ground Testing of Neutralizer Systems

The concept of testing spacecraft systems prior to launch is generally

accepted in principle and widely applied in practice. At the present time,

however, the proper method for ground testing the neutralizer system of an

electric propulsion engine is not universally agreed upon and the test pro-

cedures used prior to space flights have varied widely. So also have the

degrees of success achieved. In one instance, the SERT-I flight test of July

1964, a consistent sequence of research into ion beam diagnostics and the

neutralization problem led to the design of neutralizer tests with a flight

model engine. These tests verified the neutralizer design for the flight

2
mission and accurately predicted the success obtained on the flight.

Perhaps similar tests would have revealed the problems on other flight systems

when something could have been done to correct them.

3.3.1.1 Test Criteria

The fundamental principle of prelaunch testing is to simulate as

nearly as possible the conditions of space flight operation and to require the

given system to perform within design specifications under the simulated con-

ditions. Therefore, in the simulation it is necessary to remove factors

which could interfere with normal operation or mask an abnormal mode of be-

havior.

What then, is the situation to be simulated in ground testing of a

thruster and its neutralizer system? A spacecraft in orbit is an electrically

isolated body, immersed in a very dilute plasma. It has a definable capacitance

to its environment.

The thruster ejects a current of ions into the ambient plasma which

were created within the engine by stripping propellant atoms of electrons.

The resulting electron current loop is closed through the accelerating voltage

supply with the -_ ....... t_ the _y _h= neutralizer. R_rnm--=_=uL_ returned _ be=_, ............

bination takes place at some indefinite distance far removed electrically

from the thruster. Considerations of thrust efficiency and of compatibility
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with on-board experiments require that the potential of the spacecraft not de-

parL markedly from that of the ambient plasma. This, in turn, makes the well-

recognized requirement for current neutralization of the thrust beama very
stringent one, for it demandsthat the match between the neutralizer current
and the ion beamcurrent be held within one part in 106 for periods on the

order of 1 millisecond, and closer than that for longer periods of time.

Any real ion beamsource has a current IB = f(t) which is not simply
pure dc. Typically, it has an average value which differs from its design

value and an alternating componentcomprising frequencies from near zero up

to hundreds of kHz. Depending on the type of thruster and its operating

condition at a given moment, the noise amplitudes in the beamcurrent can be

significant fractions of the nominal dc value. In space flight operation

somemechanismwithin the neutralizer system must act with sufficient gain

and rapidity to assure that the neutralizer current function of time is the

sameas the beamcurrent function within the above criteria. Hence, a

meaningful test of a neutralizer system should both allow and require that

such an emission control mechanismbe operative.

In all neutralizer systems that have been devised, the one mechanism

that ultimately must be relied on to match the neutralizer current to the

beamcurrent is the space-charge-limited emission of electrons from either

a real or virtual electron source. Accordingly, the task of other control

loops is to assure that the maximumemission capability of the neutralizer

is sufficient (but, for economy,not muchmore than sufficient) to match

the peak demandsof the ion beamcurrent.

In the context of the previous remarks, the various types of thruster

test facilities in current use maybe discussed.

3.3.1.2 GroundedCollector -- No Neutralizer

The simplest of these facilities is, of course, a solid metallic

vacuumenclosure, at "ground" potential, into which the beamis discharged.

Operation of a thruster in such a facility is sometimes spoken of as opera-

tion without beamneutralization. A more accurate description would be opera-

tion with "collector neutralization", inasmuch as the electron current loop
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is closed by returning the ionizing electron current to ground through the

high-voltage supply and by recombination at the collector surface. Space

charge neutralization in such a situation is achieved by a trapped colony

of relatively "cool" electrons maintained by secondary emission. This method

of testing, represented in figure 3.3-1a, is not a neutralization test in

any sense, of course, but in manycases successful thruster operation can be

achieved in this way and manyaspects of the thruster, other than the neu-
tralizer, can be tested.

3.3.1.3 GroundedCollector -- Biased Neutralizer

Figure 3.3-ia has identified the closed current path for neutralizing

electrons in a facility which does not include an electron emitter. It is

now conceivable to superimpose another independent closed current path in

the samefacility by placing an electron emitter somewherewithin the en-

closure and biasing it negatively so that it emits electrons capable of

reaching any grounded surface within the chamber. This situation is re-

presented in figure 3.3-ib. By adjusting the neutralizer bias supply, the

neutralizer emission IN may be madeapproximately equal to the beamcurrent

IB, although in any case it will not contain the full amplitude of the os-
cillating components. If the electron emitter is placed much closer to the

ion beamthan it is to any surface at ground potential its superimposed

current will be less "independent" than it might be otherwise. Nevertheless ,

it is readily observed from oscillographic records of neutralizing and beam

current functions that the intimate correspondence of waveform which will

eventually be required in the space environment is not obtained in this mode

of testing.

The reasons why the grounded collector-biased neutralizer con-

figuration does not provide a meaningful neutralizer test may be stated in

several ways. The most obvious is to point out that the neutralizer emission

is not under control of the beambut of the knob on the low-impedance bias

supply. If the neutralizer emission is or becomesinadequate, engine opera-

tion goes on as before and the system falls back on collector neutralization.

On the other hand, it is inconceivable that neutralizer emission current away
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from a spacecraft could exceed ion beam current for any appreciable length

of time. But by turning up the knob on a biased neutralizer with grounded

collector the neutralizer current can be made greater than the beam current

continuously. Another way of stating the case is that with a neutralizer

biased negatively with respect to the tank walls as well as to grounded parts

of the thruster system, there is no way of knowing how many electrons from

the neutralizer go directly to the nearest grounded surface without contri-

buting to the space-charge neutralization of the beam. In other words, in

the superimposed-current-loop situation it is impossible to do accurate

"bookkeeping" on the neutralizer electrons, and IC is undetermined. Ordinarily,

in such a facility one cannot place a meter as shown in the figure for measuring

the total current to all the grounded surfaces exposed to the ion beam. This

measurement was made on the SERT-II life test facility at TRW, instrumented as in

figure 3.1- When IN _ IB = 250 mA it was found that 175 mA more ions than

electrons were going to ground through the collector with an equivalent excess

of electrons collecting on two tank liners. In yet other words, with the

grnunded co]lector -- biased neutralizer mode of testing, there is no accurate

way of determining under what conditions the neutralizer emission and coupling

to the beam are adequate and when they are not, i.e., a measurement of V
P

is not provided.

Preferable methods are available for thruster testing, and the

launching of an electrically propelled spacecraft which relies only on this

kind of test for qualification of its neutralizer system involves a risk much

greater than necessary.

3.3.1.4 Floating Collector

In the floating collector mode of thruster testing, the thruster power

supplies, neutralizer supplies, and laboratory instrumentation all have a

common "ground" at the potential of the vacuum chamber walls. The testing

chamber is fitted with a thrust beam collector at the far end of the tank,

and, usually also, the walls of the tank are shielded from the beam by one or

more cylindrical liners (which may also be used for cryogenic pumping). The

collector and liners are insulated from the tank ground and may be used either
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for current measurementor floating potential measurements. Whenelectrically
isolated, the floating elements assumea potential at which the net current

from all sources is zero. This situation is depicted in figure 3.3-ic.

Although the collector and shrouds are showntied together for the purpose of

measuring one value of VC, the test criterion is not changed if these elements
are separately isolated. Becausethe collector neutralization current loop

has been broken and the only source of electrons in the facility is the
neutralizer, the collector potential will have a constant value near the

neutralizer potential only whenthe neutralizer current continuously matches

the beamcurrent as it will be required to do in space.

The floating collector potential was identified as a close approxi-

mation to the neutralized plasmapotential during a series of pulsed beam

experiments on ion beamneutralization in 1961.7 Later, using the SERT-I
4

thruster, in another series of pulsed beamexperiments, it was shownthat

ion trajectories were almost identical before and after the first ions in

the beamhad reached the floating collector. In all these experiments, an
automatic correspondence betweenneutralizer and beamcurrent correlates

with stable, quiet values of collector potential near the neutralizer potential.

As discussed below, as the neutralizer is withdrawn from the edge of the beam

or the vaporizer is cooled the transition between adequate and inadequate
coupling is not smooth and continuous as with hot wire neutralizers but switches

abruptly from one condition to another and hence clearly defines useable and

non-useable regions. The floating collector potential is a sensitive (often

spectacular) indicator of the occurrence of these transitions. The kinds of

data that can be obtained with a floating collector: stable, low-voltage plasma
potential, automatic correspondence between beamcurrent and neutralizer

emission, definite indications of when these conditions obtain and whennot,

are the kinds of data on which confident predictions of the space behavior
of neutralizer systems can be based.

3.3.1.5 Floating Thruster System-- GroundedCollector

An alternative to testing a thruster with a floating collector is
to discharge the thrust beaminto a grounded enclosure from a thruster-

neutralizer-power supply system, all of which is isolated from ground.
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Now"payload" potential is the significant measuredvariable. In this case,
if the beamwere well neutralized the thruster commonnode would float near

ground potential; if not, the potential of this node would drop negative

by as muchas the value of the high-voltage supply. This method is equivalent

to the floating collector method in that only one current path for the

neutralizing electrons exists namely, through the neutralizer and recombina-

tion at the (electrically isolated) physical boundary. Indeed, this con-

figuration is a direct analog of the isolated spacecraft.

Certain special requirements must be met in testing an isolated

thruster. For one, the power derived from the laboratory mains must be

coupled to the thruster system and floating instrumentation by a transformer

insulated for more than the ion acceleration voltage. High voltage protection

is required for personnel operating the floating instruments. Perhaps the

most difficult requirement is that the total capacitance to ground of the

entire floating system must not exceed a few thousand picofarads. There are

two reasons for this requirement: first, the capacitance to space of the

isolated spacecraft will be in this range, and second, experience with the

floating collector method of testing the 250 mAthruster indicates that the

neutralizer coupling problem is madevery difficult if the capacitance of

the floating collector to ground exceeds about 4000 picofarads. Inasmuchas

the thrust beamplasma is intimately connected to the collector potential,

an excessive capacitive coupling back to the thruster commonnode introduces

a time lag in the response of the plasma potential to minute discrepancies

between beamand neutralizer currents and causes the system to becomeunstable.

The problem of isolating a thruster system from the laboratory

electrical supplies is much less difficult in the case of a flight package.

Accordingly, the floating payload method, used in as large a facility as

possible, is the logical choice for thermal-vacuum preflight testing of a

complete thruster-neutralizer system.
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3.3.2 Spacecraft Diagnostics

3.3.2.1 Electrical Equilibrium Conditions for an Isolated Spacecraft

The conditions which affect the magnitude and character of the elec-

trical equilibrium which may be established between an isolated spacecraft
8

and its environment have been examined by Sellen. That discussion considers

two classes of spacecraft -- active and passive. Of the active class, i.e.,

those which can actively influence the equilibration process, electrically

propelled spacecraft are the most prominent. This is because the level of the

particle beams which they discharge into the space plasma may range many orders

of magnitude above the normal level of charged particle exchange between a

passive spacecraft and the ambient plasma. Measureable quantities of the

equilibrium conditions are the potential differences, electric fields, and

the stability of these quantities. These aspects of the electrical equilibrium

are of crucial importance in the context of future applications of electric

propulsion to vehicles engaged in the collection and interpretation of

scientific data.

During the period of development of electric thrusters, in only two

instances have measurements been obtained of the electrical equilibrium

between the craft and its beam or its environment. One was a ballistic shot

in which, because of neutralizer inadequacy, the spacecraft to plasma potential

was shown by an E-meter on board to be over I000 volts negative. In the other

instance, the SERT-I flight test, also a ballistic shot, measurements of

spacecraft dynamics and electrical measurements on the thruster system esta-

blish that the spacecraft potential was equal to the plasma potential within

about 250 volts (see Reference 9, Section C). A rotating-vane E-meter on

this craft was shown to be strongly affected by the presence of dilute plasmas

of the densities encountered in the space flight. Nevertheless, an inter-

pretation of data from this instrument suggests (but does not confirm) that

the potential may have been between 20 and 40 volts positive (Reference 9,

c__ _ _- _..... _=_=_y _o .... icient to __o_ _ w h_1=

or in part, many of the particle detection experiments which are of interest

in current scientific missions.
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A possibility of reducing this uncertainty exists in the forthcoming

SERT-II flight. While the principle emphasis of this test flight will be the

demonstration of long term operation of electric thrusters in space, it re-

mains that this vehicle will provide the only direct precise measurementsof

vehicle equilibrium conditions for a period of several years. Hence, future

scientific missions contemplating the use of electric thrusting units must

rely heavily upon this flight test for information on the in-flight compati-

bility between electric propulsion and a scientific payload. The only other

projected measurementof any similarity is the possible measurementof the

floating potential of isolated booms(cold probes) on an ATS-series space-
craft.

3.3.2.2 Spacecraft Diagnostic Instrumentation

There are two principal instruments which have evolved for diagnostic

measurementsof the electrical interaction of a spacecraft with its environ-
ment. These are the electron-beam deflection electric field meter discussed

in Section 3.2 and the hot-wire electron emissive probe which is discussed

below. Following that discussion, a comparison is madeo_ the range of

applicability of the two instruments.

During the early portion of this program, a breadboard circuit was

built and tested for operating a floating hot wire emissive probe over a

voltage excursion greater than 200 volts. The objective in designing this

circuit was to develop an instrument for measuring the plasma potential

within the thrust beamof an electric thruster, or the potential of the

ambient space plasma, with respect to the spacecraft surface. In this

circuit, the emissive filament was connected to the secondary winding of a

filament transformer and heated by square-wave ac current to an electron

emissive temperature. The single other connection to the secondary winding

was made to one input of a high-input-impedance differential amplifier. The

other amplifier input was connected to the output of a voltage-controlled

dc inverter circuit, and the output of the amplifier was used as the con-

trolling voltage. Thus, the output of the dc inverter wasmade to follow the

probe potential within the design range of the circuit, and in principle,
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could be scaled with passive circuitry to match the input requirements of a

spacecraft telemetry system. The input impedanceof the breadboard circuit

was about 7000 megohms;its voltage range extended from below zero to over

+200 volts. This range was specifically selected to provide a resolution of

the ambiguity remaining from the SERT-I experiment.

Each of these instruments -- the electron-emissive probe and the

electric field meter -- has its ownregion of applicability, the critical

parameter being ambient plasma density. In Reference 4, it is shownthat
for plasma densities between 106 and i0 I0 -3cm the hot wire probe sheath

is small comparedto typical probe dimensions, and Langmuir probe currents
are small comparedto ion currents (in streaming plasmas); with somediffi-

culty, measurementscan be madeone or two orders of magnitude in density

outside of this range. On the other hand, it can be shown that, depending

on vehicle size and potential, and to someextent on plasma electron tempera-
ture, a significant enhancementin surface electric field I0 for a given

-3potential will occur in plasma densities over about 104 cm because of the

nearness of _ _i _^__L L.... _......... giy

the emissive probe would seemto be best suited to measurementsof plasma

potential in the ion thrust beamor in the ambient plasma of a spacecraft

orbit within relatively dense regions of the ionosphere. The E-meter appears

to be particularly well suited to measurementsof surface fields in deeper

regions of space (e.g., synchronous altitudes and beyond). For highly

elliptical orbits, a spacecraft might suitably be equipped with both kinds
of instrument.

Inevitably, the calibration of an E-meter for a particular space-

craft use will involve in situ measurementsof E-meter response as the space-

craft potential is varied with respect to that of someother surface in a

vacuum enclosure. Such testing can, at best, only approximate the eventual

flight geometry, and the desirability of having both kinds of diagnostic probe

on a given spacecraft is obvious, for the purpose of cross-checking between

the two instruments and of checking the calculated field enhancementfactors

against flight conditions.
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3.4 CONSIDERATIONSIN LONGLIFE THRUSTBEAMCOLLECTORDESIGN

This section discusses someof the design considerations involved in

the provision within a ground testing facility for the capture and disposal of

the propellant massejected in the thrust beamof an electric propulsion engine.

For the sake of continuity and clarity as to the aspects of the problem which

are being considered, this discussion is set in the context of a fairly specific

example. The type of test in mind is one in which an ion thrustor using

either cesium or mercury as propellant is to be operated for a period of some-

thing like ten thousand hours at a specific impulse of 5000 to 8000 seconds

and a thrust level in the neighborhood of i0 to i00 millipounds. During the

course of such a test, many thousands of ampere-hours of charged particles will

be delivered to the collector at energies of several thousand eV per charge.

Several primary considerations in the design of a thrust beamcollector

for ground testing of mediumto high power electric thrustors maybe
enumerated:

• Collector durability for extended life tests

• Contamination of the thrustor or of the facility by
erosion products

• Dissipation of incident beampower

• Fabrication and operating cost

These factors interact to a considerable degree, and all are related to the

basic problem of sputtering erosion of the collector surface material by the

high-energy thrust beamions.

3.4.1 Collector Durability

Sputtering erosion is the dominant mechanism for collector deterioration

for high velocity exhaust streams (specific impulse of 600 sec and above). An

appreciation of the magnitude of the problem can be gained by the following

calculation,

The mass of material removed from the target is given by

&M2 = nlYl, 2 m2
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where,

AM2 = mass of target eroded bv _:=_uttering

n I = number of impinging particles

YI,2 = sputtering yield of target per impinging particle

m2 = mass of target atom

If the impinging particles are electrically charged, the number of incident

particles has the electrical equivalent

IB_

n I - dq e

where,

IB =

T --

d =

qe =

beam current

test duration

degree of ionization, i.e., electronic charge per particle

electronic charge

Then

IB T

- YI m2AM2 d qe ,2

For singly charged ions d = 1 and for colloidal particles, d is of the order

of 10 -3. The remainder of the discussion relates to ions and d is dropped.

The volume of material removed from the target is

where

L

IB • m 2

bV2 - YI --
qe ,2 02

density of the target material.
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Onemay also define the atom density in the target as

from which

o2
n2 - m2 (at°ms/cm3)

IB
AV2- n2 qe YI,2

Inasmuch as all commonstructural materials have the samenumber of atoms/cm3

(within about a factor of 2), and sputtering yields in the range of interest

are roughly 5 atoms/ion, an estimate can be madeof the volume of target

material eroded by the integrated incident beamas follows:

For 104 amperehours

5 x 3.6 x 107 _ 104 (cm 3)AV = _ 2 x

1 6 x 10 -19 1022• X 5 X

Stated in another way, the target erosion depth is of the order of

2 cm for an exposure of 1 ampere hour/cm 2.

The mass removal for the same 104 Ah exposure is

(grams)AM 2 = 20 x 103 02

While these results will vary considerably with target material

and particle velocity they show that durability is not a critical factor for

engine tests of several kilowatt years integrated beam power. Calculations

for representative target materials are given in Table III, and figure 3.4-1.

Granted that ion beam collectors may be made sufficiently durable for

extended tests, the problem remains of the arrival of collector material at

the thrustor location• The next few paragraphs consider the phenomenon of

back sputtering and means that have been suggested for minimizing its effect.
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TABLEIII. Weight and cost of possible target
materials. Weights are estimated for
a plate i" x 48" x 48".

TARGET APPROX.COST
MATERIAL WEIGHT (kg) (_/kilogram)

Copper (OFHC) 337.3 2.55

Aluminum (6061T6) 102.3 2.01

Nickel (200) 343.2 4.07

Lead 409.1 0.88

Beryllium 70.5 605.00

Titanium (6AL4V) 170.9 11.55

Tin 204.5 5.50

Molybdenum 424.1 105.60

Note: Costs based on prevailing price per pound and do not

include cutting charges or minimum mill run quantities.

Some materials not ordinarily available in indicated

size. Beryllium is listed because of its known low

sputtering yield, but is ruled out on cost and health

hazard considerations.
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3.4.2 B__ackSputtering and Its Attenuation

The material sputtered back to,.,ard the engine is determined by the

sputtering yield, the angular distribution of ejected material, and the

distance from the target to the engine.

The amount of material deposited on the engine by back sputtering

from a flat collector can be found from tile geometry. Since the maximum-to-

average ratio for a cosine distribution is 2:1, and the volume-to-area ratio

of back-sputtered material gives the thickness of material deposited, this

thickness at the thrustor location is given by

V 2 kV 2
S -

A 2
2 vr

Using our previous result, this is

IB z YI_2
S =

2
r n2 qe

3
The previous estimate of 2 x 10 4 cm of sputtered material per 10 4 amp hour

of beam results in a layer thickness of

7 x 10 3
S (cm)

2
r

104faking, as an example, r = 200 cm, one has S _ 0.2 cm for amp hours.

This is clearly a serious problem in terms of engine fouling and at least an

order of magnitude reduction is desired.

The simplest approach to limiting back sputtering is to place the

collector at some distance from the engine and to depend on separation for the

needed attenuation of back-sputtered material at the engine. In a long test,

the required distance becomes appreciable and possible alternatives to

distance attenuation need to be considered. One such alternative is the

louvered collector, in which the collecting surfaces are presented at other

than normal incidence in an attempt to reduce the flux of sputtered material

directed toward the engine. The honeycomb collector is an example of this

approach. Another possible alternative is the decel-collector, in which
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energy is removed electrically from the ions in order to reduce their sputtering

yields at impact.

The relationship between sputtering yield and incidence angle is the

crucial factor in the evaluation of these alternatives. Simple scattering

II,12
theory predicts that at kilovolt energies the absolute sputtering yield

should behave approximately as

E
m

YI,2 = _ %(E) cos 0

where,

E =

m

a proportionality constant chosen to fit the experimental data

4 E 1 (mlm 2)

(m I + m 2)
= Maximum energy transfer by collision between the

incoming and target particles

_(s) -
o (E) n 2

_lean free path in the target for incoming

particle

9 = angle between incoming trajectory and the normal to the target

Both experimental data and theory indicate that the collision cross

section o(E) tends to follow an inverse relationshio to particle velocity,

i,e., the probability of interaction is proportional to tlle time spent near

1/2

the target atom. Since incident ion velocity v I is proportional to E 1

the resultant equation is

Em n°- °0 (El/E0)I/2 Vl

Y1 = = --,2 cos 9 c cos

That is, for a given combination of propellant and collector the sputtering

yield is proportional to the particle velocity and varies inversely with the

cosine of the incident angle. One interesting consequence of these relation-

ships is that the collector erosion is proportional to the total impulse

delivered by the engine and independent of I thrust level, or engine-to-
" sp'

target distance. Further consequences are that the collector erosion increases

rapidly with 8 and that the amount of material sputtered back along tile

incoming path is independent of angle. This is illustrated in figure 3.4-2

which shows the situation for normal incidence (0 degrees) and for some
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Figure 3.4-2. Simple Sputtering Model Schematic.
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angle 6. The incoming ion is assumed to penetrate some distance _ (which is inde-

pendent of _) and to disturb a number of atoms which, after other collisions,

escape from the surface, When the plane is inclined at an angle @ those atoms

moving to the right in the figure have an enhanced probability of escape, while

those leaving toward the left are inhibited. At angles approaching grazing inci-

dence (@ _ 90 degrees) at least half of the disturbed atoms escape, and when

multiple scattering is taken into account, it is clear that more than half will

escape. A detailed analysis of this simple picture is inappropriate, but if

the escaping fraction is less than half at normal incidence, a sputtering yield

increasing with e would be expected. It is noteworthy that the distance a dis-

turbed atom must go to escape in the direction of the incoming ion is independent

of e, and hence the sputtering yield in this particular direction should remain

unaffected even for large values of @.

Conclusions from this simple picture are supported by experimental

evidence. The sputtered material is found to leave in approximately a cosine

distribution about the normal to the collector. The material leaving along

the original line of incidence is then proportional to Y(O) cos @, and the

back-sputtering rate relative to that for normal incidence is

Y(@) cos @

R(@) = y(0o ) cos 0°

This function is plotted in figure 3.4-3 for 2--keV Hg ions incident on Cu and
13

Mo targets. These data show that for copper, the sputtering yield increases

approximately as the inverse of the cosine of 0, with the result that the

back-sputtered material flux is essentially independent of the angle of the

target. For molybdenum, the increase with angle is even greater, and the

back-sputtered material flux is seen to increase up to 45 degrees and then

return to the normal value at 60 degrees. Hence, a 45-degree chevron target

would return 30-percent more material to the engine than a collector normal to

the beam. Many other materials show either no change or increased back-

sputtering with angle; for example, Cs on copper shows a significant increase

out to 45 degrees and beyond.
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The recent work of Chaney an_ Pitkinl4shows that for 1.5-keV xenon

ions on copper, the absolute sputterin_ yield is a maximum at 0 = 75 degrees.

At this angle the total material removal rate is more than seven times that for

normal incidence. The back-sputtered flux directed toward the ion source is 1.8

times that for normal incidence. Beyond 75 degrees there is a rapid decrease in

sputtering yield, so chat at 80 aegrees the back-sputtering rate is again equal

to that at normal incidence. To account for this drop as 90 degrees is approached

the authors speculate that the ion has not imparted much of its energy to the

target before being deflected out of it. If this is correct, the incident ion

has not been stopped and further sputtering collisions have yet to occur.

Experimental evidence in support of this hypothesis has been ob-

tained in this laboratory during an extended ion engine test. The result is

shown in Figure 3.4-4 . This is a profile of a Cu sample originally 0.05 inch

thick. (The bright line is the edge of a Ni film deposited after the run to

preserve the surface boundary against smearing during sample preparation. Copper

was then deposited on the Ni.) The ion beam was incident from the top of the

page, The region at the left is the original surface which was protected by a

Cu clamp 0.05 inch thick. Figure 3.4-3b shows the salient features of this

sample. The protective cover and the sample develop a steep edge which con-

centrates incoming ions at the bottom of this edge. The sputtering yield from

the nearly vertical surface is low. However, a deep trough is eroded at the

bottom by ions scattered from the steep edge. Most of the sputtered material

from the trough cannot reach other parts of the sample while the small amount

of material sputtered from the vertical faces falls off rapidly with distance

through geometric dilution.

Since sputtering data generally show that the increase in yield

is nearly proportional to the increase in 1/cos 0 out to large angles, it

follows that a collector plate inserted in an ion beam at any angle will have

its thickness (normal to the plate, not the beam) reduced by the same amount

in a given time, regardless of the incident angle. This is true despite the

fact that it may intercept a lower flux density of beam ions. This is illustrated

in Figure 3.4_5 which is a schematic of the hypothetical target which follows the

i/cos _ sputtering law. Conditions are shown for normal incidence and 60 °

incidence. At 60 ° incidence the flux returned along the beam vector is unchanged

and the erosion depth is also unchanged. The total amount of eroded target material

is doubled at 60 ° incidence.
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Figure  3.4-4a. Cross  Sec t ion  of Copper Sample Sput te red  a t  2 Kev 
wi th  TRW Cesium Thrus tor .  Un-eroded Area ( l e f t )  
w a s  Pro tec ted  by 50 M i l  C a  Clamp. 50X; 

SPUTTERING 
DEPTH SPUTTERED MATERIAL 

FROM SCATTERING 
S W L L  ANGLE SCATTERING-, 
MINIMUM SPUTTERING 

1 - r  AND DEEP EROSION 

Figure  3.4-4b. Schematic Diagram Explaining Development of Trough 
seen  i n  Figure 3.4-4a. 
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Therefore, if a i/4-inch thick plate is needed for a flat collector,

then a chevron collector must also be constructed of i/4--inch thick plates.

Similarly, the webs in a honeycombwould need to be i/d-inch thick. This rather

startling result has been confirmed in sputtering experiments with 2-keV cesium

ions on copper. A section of copper pipe was placed transverse to an ion beam

for several hundred hours. The reduction in pipe wall thickness at 80 degrees

from the beamnormal was found to be as great as that at normal incidence.

3.4.2.1 Louvered Collector

The question then arises whether any louvered collector can reduce

the amount of material sputtered back toward the engine. For copper and similar

materials, the answer for incident angles of 80 degrees or less is clearly no.

Between80 and 90 degrees there may be someadvantage.

A possibly useful configuration which takes advantage of the effect

described above is shownin Figure 3.4-6. A number of plates may be inclined at

a 20:1 slope from the normal (0 _ 87°). Incoming particles will be deflected with

low sputtering yields aLldwill impact at a point hidden from the thrustor so there
will be no further contribution to the return flux and contamination of the thrustor

will be reduced.

To achieve any significant gain -- say a factor of two -- angles must be

held between 84 and 90 degrees, and this introduces practical limitations inas-

muchas source width, beamspreading, and electric fields in sheaths can easily

introduce variations in ion trajectories of this magnitude. Our conclusion from

the data at hand is that the louvered or honeycombconfiguration is of question-

able merit and even in a well-designed collector can easily do more harm than

good because of uncontrollable ion trajectories.

3.4.2.2 Decel Collector

In the decel-collector the objective is to slow the ions before

impact. Ideally the collector would simply be operated at ion source potential,

and the ions would strike it at zero velocity. Here again the variation of ion

trajectories from normal incidence introduces problems if the collector is at

the full accelerating potential since ions approaching at other angles will be

deflected and will return to somepoint which is at ground potential. Further-

more, no matter where the collector is placed if it is not electrically isolated

from the beam, the beamplasma will assumea high potential, unreasonable demands

will be madeon the thrust beamneutralizer system, and the decel region will be
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confined to a stalling region in front of the engine. This produces undesirable

effects on the ion optics in the engine and will return many primary ions and

charge exchange ions to the engine accel grid at hizh velocity. It therefore

becomes necessary to provide the collector with a grid that separates the decel

region from the beam plasma. The grid then is subjected to the same sputtering

rate as any collector, and the grid thickness must be adequate to withstand this

erosion. Again, the problem of enhanced sputtering at grazing angles arises,

for not only must the front of the grids withstand the frontal ions, but the

sides must provide enough material for the enhanced sputtering at low angles.

For example, if a 1/4 inch flat plate is required at normal incidence, the grid

must be at least 1/4 inch thick in the direction transverse to the beam unless

the surfaces can be kept within a few degrees of parallel to the beam. This is

practically impossible because of ion deflections produced by penetration of the

decel field into the grid interstices. We therefore conclude that in order to be

conservative, the grid would have to consist of bars about 3/8 inch thick. The

next problem is what grid spacing and decel distance are required? For a current

density at the collector of 0.i ma/cm 2, Child's law will require a decel distance

of no greater than 1 inch for a 3-Kv decel potential. The grid bars will also

have to be placed on centers of about 1 inch to prevent field penetration, and

therefore the grid occupies three-eighths of the frontal area. Actually the full

3-Kv decel cannot be used because the ions would acquire some transverse velocity

components in the decel field and fail to reach the collector. A potential of

2700 volts (90 percent of beam accelerating potential) permits trajectories

inclined 15 degrees from normal to impinge on the collector and is considered as

a practical limit. At this potential the ions strike with 300 eV of energy (per

charge) and, on aluminum, the sputtering yield would be reduced to about one-

fifth of its value at 3 keV.

The back-sputtering from this array consists of material from the grid that

intercepts three-eighths of the incident beam and sputters at the normal, or lO0-

percent rate, plus five-eighths of the beam, which sputters at the reduced rate

of 20 percent. The result is no more than a factor of two reduction in material

back-sputtered onto the engine.

The decel collector thus has two practical problems, the presence of

massive grids which will be eroded in the usual way, and the inability to reduce

the sputtering of the ions that are decelerated by at least a factor of 3 to 5.

1/2
This latter difficulty occurs because of the 111 dependence of the sputtering yield.
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Fundamentally, the decel collector can be dismissed as a practical
device by the following argument which, in effect, invokes the second law of

thermodynamics. In principle, if the individual particle stream tubes from

each of the engine apertures were to remain separated over the entire engine to

collector distance, it would be possible to direct the beamsthrough a grid

structure without interception. The particles could then be brought to rest
by a decel arrangement symmetrical to the accelerator structure. In the actual

situation, once the beamshave travelled one or two centimeters from the accel

region, the beamshave merged. Beyondthat point, the original order and

separation is lost, and it is no longer possible to channel the flow of indi-

vidual stream tubes through separate apertures.

Finally, the decel collector violates the principles of ion engine
testing described in Section 3.3 in that it either makesunreasonable demands

on the thrustor neutralizer (as mentioned) or, if isolated by a grid, gives

rise to a condition in which the ion charge density in the beamis neutralized

by a static trapped colony of electrons, and the neutralizer is not required

to work at all. In neither case is a valid test madeof the thrustor per-
formance, relative to its behavior in the space environment.

3.4.2.3 BeamDeflector

Another possibility that has been considered is a beamdeflector

system, which would dispose of the beamions in areas that are shielded from
the engine.

As in the decel case the beammust be held at a low potential by
grids placed between the deflection region and the engine, otherwise the beam

potential will rise to that of the most positive electrode in the plasma.

The problem once again is that even if the transmitted portion of the beam

can be disposed of completely, interception by the grids constitutes a sub-

stantial fraction of the beamand backsputtering will not be reduced as much

as an order of magnitude. Once again a valid thrustor test is not made
possible.
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3.4.3 Coolin$

A significant consideration in the design of a thrust beam collector

is disposal of the heat load of the thrust beam power. This section discusses

several aspects of the problem of cooling the thrust beam collector itself. It

is assumed that elsewhere within the testing chamber, usually near the thrustor,

other large surfaces will be used for cryogenic pumping of propellant material

or other condensable vapors.

Several means of cooling the collector have been suggested:

• Radiation cooling

• Water cooling

• Cryo cooling

• Freon cooling

Each of these is discussed in the following paragraphs.

A nominal ion beam power of 1 KW can be dissipated by radiation cooling

2
from a 1 m collector (two surfaces) at a temperature of about 400°C. Use of

such an arrangement would keep the collector free of all condensables and, after

initial clean-up, would minimize outgassing or vaporization of material during

fluctuations in beam location occasioned by arcing or other variations in engine

behavior. The principal disadvantage of this approach is that about one-third

of the power is radiated into the cryo wall by the hot collector. Cryo cooling

is one of the major costs of life tests, and consumption of coolants should be

minimized. One of tile objections to a deep thin-walled honeycomb collector is

that conductive cooling of the front is poor and much of the beam power is

radiated back to the cryo system.

The most convenient approach from both technical and cost standpoints

is a simple water-cooled collector at about room temperature. This approach

has been used for many years in our cesium ion engine testing program, in

which up to 3 KW of beam power is used. The water temperature rise is easily

monitored for calorimeter purposes. ...................w_LeL L_L_L_L_LU_=_ _,_.... _°n°_ to _QO°r

have been used. (The higher temperatures are helpful in initial clean-up of

the target.) Leakage currents through the water stream are less than 1 mA at

ordinary collector potentials and do not perturb the electrical measurements

in either the grounded or floating collector mode.
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There appears to be no advantage in cryo cooling the collector; in

fact, it appears to be inadvisable from two counts. First, the use of cryo
coolants in the collector is a costly approach, inasmuch as the collector

dissipates more than half of all the power input to the system, including

radiation into the cryo system. Second, the condensation of propellant and
other materials on the collector surface could result in an unstable situation

in the event of changes in ion beamdistribution over the collector. Such

changes could lead to rapid volatilization or decomposition of condensed

material and a consequent rise in system pressure.

Cryo cooling costs can be estimated from liquid nitrogen costs and

heat content. The enthalpy change for LN2 including phase change and tem-
perature rise to 200°K is 140 BTU/Ib of which about 120 BTU/Ib can be realized

in a cryo panel heat exchanger. Onekilowatt hour is 3413 BTUand would re-

quire 28.5 ib or about 16 liters. At bulk rates LN2 costs will be about
$1.50/KWhour. The power input will consist of beampower plus radiation of
about I00 watts/m2 of cold surface. The cost of cryo cooling a 104 ampere

hour test at 3 kV beampotential with a 4 m2 (two sides) collector is of the

order of $50Kfor the collector alone. Increasing the collector area to
2

20 m to reduce current density at the collector could almost double this
cost.

In a test of a thrustor using mercury as propellant, a conceivable

advantage of a cryo cooled collector would be the protection provided by the

frozen propellant on the collector against sputtering of the substrate. The

conditions needed for this approach can be found by calculating the partial
pressure of Hg vapor required to maintain a coating on the collector. The

incident flux of Hg from the vapor phase in the vessel is given by

or for mercury at 300°C,

r

/ 2_mkT

F = (1.4 x 1020 ) P
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where

sputtered off the target by the incoming beam.

F = flux in particles/cm2- sec

P = Hg partial pressure in torr

To maintain coverage the incoming flux must equal the flux of material

This is given by

where

I B
F -

qA

I = ion beamcurrent

q = charge on the ion (coulomb)

Y = sputtering yield (atoms/ion)

A = area of the beamat the target

Y

2
The assumption of a 1 amperebeamspread over 1 m gives the sputtered removal
flux as

= 1014F 6.2 x Y (sec-I cm-2)

Accordingly the mercury vapor pressure required in the vessel to maintain mercury

coverage on the collector is

P(torr) = 4.4 x 10-6 Y

The sputtering yield of 3-Kev mercury ions on mercury is probably not less than
two atoms/ion, so that a pressure of _ 1 x 10-5 torr would be required in the

vessel to supply Hg ions at the collector as fast as they are sputtered off. A
collector current density of less than 0.i amp/m2 would be required to operate

-6
at pressures of 1 x i0 torr. The required collector dimensions are mechanically

feasible, but the large area adds an additional heat load to the cryo system

which is already burdened with the full beampower in this approach. It is
therefore concluded that the self replenishing cryo cooled collector is unattractive

from the standpoint of fabrication and operating costs.

-104-



3.4.3.1 Frozen Mercury Collector

If the operating temperature of the collector is higher than cryo-

genic temperatures, e.g., in the range of a freon refrigeration system, a

very attractive solution presents itself, at least for mercury engines. In

this scheme,which has seen use in the life testing of a 15-cm SERTII

electron-bombardment thruster, the ion beamis directed vertically downward

onto a horizontal pan preloaded with mercury. The temperature of the mercury

slab is maintained below -50°C at which temperature the vapor pressure is
about 1 x 10-6 torr not just to keep the surface frozen, but to keep the

evaporation rate well below the sputtering rate. As in other chamberdesigns,

the pressure is controlled by cryogenic liners near the thruster position,

and is below the replenishment level (see 3.4.3). Accordingly there is a

continuous loss of mercury from the frozen collector, most of which goes to
the cryoliners. In 104 Ah of beamoperation at a sputtering yield of 3, this

loss could amount to about 2.25 x 105 grams (515 ib) of mercury. The cost of

at least this muchmercury (_$4,000) would be part of the initial fabrication

costs of the facility.

For the SERTII thruster facility a 2-ton (7 kW) refrigeration system

was selected at a cost of roughtly $4700.00, including the unit, collector pan

plumbing, etc. In addition to the collector, the tank liner at the collector

end of the facility was also cooled by the refrigeration system.

Our experience with the frozen mercury collector during a run of
about 700 hours indicates that a refrigerator of this size wasmore than ade-

quate to maintain the frozen pool at the desired temperature. The removal of

mercury to the cryoliner and to those frozen surfaces not sputtered by the

beamwas seen to proceed as predicted. Although it was not possible to weigh

the mercury thus transferred, one could observe the rate at which liquid

dripped back into the pan from both sides of the cryoliner and from the out-
side of the downstreamshroud whenthese surfaces were warmedup. The cal-

culated value of about 9 Ibs is believable.
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3.5 PRODUCTASSURANCESUPPORT

The objective of the product assurance support to this program was

to insure that materials, processes, drawings, and deliverable units conform

to applicable standards or specifications. Accordingly all purchase orders
for materials or parts to be included in deliverable hardware were screened

by cognizant Quality Assurance personnel, and material and conformance cer-
tifications were required of each vendor. Whereuncertified raw stock materials

were used, samples were given chemical analysis to verify the identify of each
such material.

Cancellation of the electric field meter task early in the program

significantly reduced the magnitude of the product assurance task inasmuch
as both numbersand kinds of deliverable items were reduced. Furthermore,

considerations of reliability relating to the development of the E-meter

breadboard electronics were dropped from consideration.

During fabrication of the deliverable neutralizer cathode assemblies,

each componentpart and fabrication process was monitored by a Quality

Assurance inspector, and serialized inspection and test logs were kept for

each assembly. Any discrepancies between the dimensions of actual parts and

those indicated on original drawings were noted on an "Assembly SquawkSheet."

Approval for use of such parts wasgiven by the TRWproject engineer under

the following conditions: (i) The discrepancies bore no relationship to

the functional operation of the device, and (2) no time was available for

modifying the drawings to match the parts (which would have required another

approval cycle) nor were techniques for machining parts to exactly match the

original drawings.
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The performance of a surface electric field strength meter, utilizing a broad unfocused beam of electrons, has

been evaluated analytically and experimentally. The meter is capable of measuring E fields up to 100 V/cm and
possesses a sensitivity of _.-0.1 V/cm in the field regime near E=0. The meter response to time varying electric

fields is limited by the finite transit time ( <10 -7 see) of the electrons from the source to the detector plates. Simple

formulae for the errors introduced in the measurement of time dependent electric fields by finite transit time effects

and by displacement currents are presented and indicate errors of ,--_).1 V/cm for E fields rising at l0 t V/cm sec.
Sensitivity of the meter to magnetic field perturbations along three mutually perpendicular directions has been

evaluated. The meter response has been examined in a plasma flow simulating spacecraft through the ionosphere.

AUGUST 1967

I. INTRODUCTION

HE electric field strength on the surface of an isolated
system is determined by the difference in potential

between the system and its immediate environment. Such
electric fields are usually measured by means of an electro-
static flux meter, the "field mill, ''1-3 or by the deflection of

charged particles, usually an electron beam. *,s
This paper describes an instrument which uses the de-

flection of a free electron current to determine the electric

field. An unfocused electron beam consisting of electrons

traversing many possible trajectories is produced by an
extended hot filament. Surrounding the filament is an ac-
celerating grid structure which affords physical protection
to the filament and which effectively shields it from ex-
ternal electric fields. The anode assembly which consists of

several collecting plates is positioned symmetrically about
the cathode grid structure. A functional relationship
exists between the electron current to any collecting plate
and the average electric field in the region traversed by the
electrons. The current to one plate or to a pair of symmetric
plates may exhibit a double valued relationship to the
electric field. When this occurs, it is necessary to measure

the current to more than one collecting element.
This particle deflection electric field meter offers several

advantages over other electric field meters. It is simple in
construction and employs no moving parts. In general,
the currents to the collecting plates are large compared to
the induced currents of the field mill meter so it can be used

in the presence of stronger ambient plasmas. Both power
and electronic requirements are modest. The bandwidth

_addel, Rev. Sci. Instr. 19, 31 (1948).
I p. j. L. Wildman, J. Atmospheric Terrest. Phys. 27, 417 (1965).
t G. L. Gdalevich, I. M. Imyanitov, and Ya M. Shvarts, Kosmich.

Issled. Akad. Nauk SSSR 3, 102 (1965).
* S. G. Forbes, R. F. Kemp, J. M. Sellen, Jr., H. Shelton, and J. C.

Slattery, "Ion Engine Testing Techniques," ARS Space Flight Report
tq the Nation, New York, ARS 2183-61 (October 1961).

5 j. Lucas, J. Sci. Instr. 40, 481 (1963).
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capability is related to the transit time of the dectrons,
which is typically 10-7 sec for 20 eV electrons. The instru-

ment can be used either as adc or pulsed device, and is
capable of measuring electric fields between 0.1 and 100
V//cm.

H. THEORY

The response of a surface field meter to electric fields

may be determined, within first order effects, by compara-
tively simple analysis. A two dimensional model which
represents the meter described in this article is shown in
Fig. 1. Electrons emitted from an extended filament at the
axis of the cylinder are accelerated through the potential
difference V between the filament and the grid hood struc-
ture and emerge from the grid with a velocity v0= (2eV/m) t.

Any variations in the electron energy produced by the dc
heating potential gradient are ignored. This effect may be
circumvented by pulsed heating, or made small by choosing
V>>AVf where aVf is the voltage drop across the filament.
When the grid and collecting elements are at the same po-
tential, and if magnetic field and space charge effects are

HOOD FILAMENT

_ __ / ELECTRON TRAJECTORY

/
co;,;:c',',,,,G_'rEs "_'_.7.e _ _-o_E_,_,_T,s

_ 3 __2 __, _.;l_'.:.'y ._.1 2 s

]_-_ 4.28 CM _"_1
6.16CM

l_ -1

FIO. 1. Schematic diagram of electron emissive surface electric field
meter. Electron trajectory indicated for positive E field. Values of y
at plate edges determined from Eq. (3) to provide current cutoff at
negative E fields of 2, 4, 8, and 16 V/cm.
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Fzo. 2. Maximum impact distance of 20 eV electrons as a function
of electric field for the meter shown in Fig. 1.

ignored, the only force acting on the electrons outside the

grid is the external electric field.

The currents to a pair of collecting elements which are

placed symmetrically about the filament are summed.

Later it will be demonstrated that this symmetry property

may be utilized in minimizing the effects of magnetic fields.

The collecting elements are assumed to be clean surfaces

which collect all incident electrons and emit no second-

aries. 6-9 The proper choice of the accelerating potential

minimizes the effects of scattering and secondary emission.

Similarly, the effects of magnetic fields, space charge, and

variations of electron energy can be minimized by a proper

choice of V.

The electric field E acting on the particles is assumed to

be uniform and normal to the collecting plates and any dis-

tortion of E caused by the grid structure is ignored. Then

the equations of motion for the electrons external to the

grid become m_= --eE and #= 0. E is defined by

E>O, meter is above environmental potential,

E <0, meter is below environmental potential;

e is the magnitude of the electron charge. These equations

e Not all of the electrons incident on a surface are simply absorbed.
Incident electrons can be scattered elastically and inelastically and,
even for low energy primary electrons, the production of secondaries
can occmr. The net current to a collecting surface is reduced by scat-
tering and secondary electron emission and is enhanced by these
effects on other surfaces. A comparison of the measured currents with
the currents predicted theoretically shows diminution of approxi-
mately 30% in the weak field region (E-_0). Since several possible
factors may contribute to this diminution, the possible influence of
scattering and secondary emission is most likely less than indicated.

V. Evtuhov, G. F. Smith, and L. S. Yaggy, Rev. Sci. Instr. 32,
1362 (1961).

8 Kenneth G. McKay, Advances in Electronics 1, 65 (1948).
g O. Hackenberg and W. Braver, Advances in Electronics and

Electron Physics 11, 413 (1959).
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together with the initial conditions

y (t= 0) -- r0cos0

z(t=O)=ro(1--sinO)

V(t= O)= ro cose

(t= O)= --r0 sinO

determine the trajectories of the electrons emerging from

the grid at angle 0 with respect to the reference plane. The

position of impact is determined when z=0 and may be

expressed as

y(O,E)=rocos_(1-2VsinO_

\ Ero /

2Vcos_sin_+-V-(1-sir_) j , (I)
+_ F Ero -0

E

where the coordinates are shown in Fig. 1 and the geometry

of the meter limits 0<0<90 °. V is the magnitude of the

filament potential which is negative with respect to the

grid hood electrode.

In describing the electron trajectories, the change in po-

tential in the immediate region external to the grid which

is produced by replacing the actual electric field by a uni-

form field has been neglected. This assumption is justified

if [Ezo [<<V, a condition which holds over most of the range

of E for which the meter is utilized.

Equation (1) may be used to design an E meter and to

predict its current response. It provides a mapping of the

y plane into the 0 coordinate, and, from the known electron

current contained within an increment in 0, the current to

a collecting plate may be determined as a function of E.

Two special cases of Eq. (1) provide the design character-

istics for the E meter. For E>0, the emitted electrons are

accelerated towards the collecting plane. As E increases ,

more electrons are collected by a plate until the maximum

position of impact, obtained by electrons with trajectories

at 0= 0, equals the outer edge of that plate. For stronger

E fields, the current collected by that plate decreases. The

maximum range is given by

ymax + (0,e) = r0[t-{- (4V/Ero) t]. (2)

The current to a collecting plate goes to zero as the maxi-

mum range goes to the inner edge of the plate.

For E <0, the electrons are accelerated away from the

collecting plane. In this case, the current to a plate always

decreases with increasing field strength (E becomes more

negative). The maximum position of impact now corre-

sponds to that trajectory which is tangent to the collecting

plane. The tangency condition, _ = 0 at z = 0, is satisfied by

that particle emerging at OT where sln_OT+(Ero/V)

X(1--sinOT)=O. Utilizing this condition and Eq. (1), the
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maximum position of tangency impact is given by

2V

ym,_-(Or,E) =r0 COSOr(1--_r ° sin0r). (3)

The current to a plate goes to zero as ym,=- approaches the

y coordinate of the inner edge of the plate. From this and

the preceding paragraph, it may be seen that the current

to a plate ranges from zero through a maximum value and

returns to zero as the electric field varies through a par-
ticular range.

Equations (2) and (3) are shown graphically in Fig. 2
for V= 20 V and r0= 1 cm. These two functions demon-

strate the intuitive notion that the outer plates are more

sensitive to changes in the field than are the inner plates.

They also give a relation between the maximum position

of impact and the external field strength, and therefore

provide the relation between plate dimensions and the

range of electric field which can be measured. Utilizing the
ym_-(0T,E) curve in Fig. 2, the plate dimensions illustrated

in Fig. 1 were chosen to provide cutoffs in the current re-

sponse at 2, 4, 8, and 16 V/cm.

From Eq. (1) and from the stipulated y values for the

collecting plates, the increment in O, 40, for trajectories

intercepting a given plate may be calculated as a function

of E. Denoting the filament emission current as io, the

current collected by a given set of plates as i, and the nor-

malized current response to the symmetric pair of collect-

ing plates as i0= (i/ie), then i0 is given by

i0(e)= a0/ . (4)

The quantities of interest in the meter performance are

io(E), dio/dE, d*i0/dE 2, and the sensitivity ,/ defined as

io-1 (Oio/dE). For measurements of small electric fields, it is

desirable to maximize the value of n- This necessarily limits

the field range for a given set of plates, and several sets

of collecting plates are then utilized to broaden the field

measuring capacity. While the E meter is designed to

measure a large range of electric fields, the field range near

E= 0 is of particular interest. The double valued nature of

the current response for E such that ym=+=the outer y

value of a pair of collecting plates is to produce a condition
Oio,/OE._O. It is essential that this condition should not

occur near E= 0. Furthermore, if the sensitivity is not to
change rapidly, then 02io/'0E2._0 should be realized over

that range of E fields for which a pair of collecting plate
.:~_^1_ .u.zeu. Later it will be demonstrated_,s,lo_ are to be ...:1: ._

that this condition, along with the symmetry condition,

leads to a partial cancellation of the effects of magnetic
fields.

A general expression for the normalized current response

cannot be directly stated since y(O,E) is a transcendental

function. However, representative curves can be obtained

by numerical analysis of Eq. (1) and the stipulated y
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FIG. 3. Response of collecting plates to electric fields. Dashed lines
represent the theoretical predictmns assuming a grid transmission of
60%. Circles are experimental plate currents normalized to total
filament emission. Open circles were obtained shortly after meter was
turned on; solid circles were obtained 24 h later. (a)--Response of
;tuner plates _late no. 1/: (hi--response of intermediate olates
(plate no. 2) ; and (c)--resl_onse'of oul_erplates (plate no. 3). "

values. The results of these calculations are shown by the

dashed curves in Figs. 3(a), (b), and (c) for r0=l cm,
V= 20 V, and a 60% grid transmission factor.

An approximate expression may be obtained for the

meter sensitivity, i_-l(Oio/OE), when E_0 and y>>r0. In
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FIG. 4.(a) Photograph of E meter and test base; and (b) photo- 
graph of E meter in calibration assembly with the calibrating plate 
removed. 

order to evaluate &,/de, i t  is first necessary to evaluate 
the variation of e with respect to E for a fixed impact posi- 
tion in y. This may be accomplished in either of two ways; 
first, by setting z=O,  and taking the differentials of the 
equations of motion holding y constant; second, by con- 
sidering a small perturbing E field which slightly changes 
the electron trajectories. Both methods lead to 

( 3 ~ ~ ~ (  y -  ro y cube ~ ( l + ~ ~ o r ~ ~ n e )  4v 

where 7 is the time of flight of the electron from the grid 
to a plate, and undvr the stated conditions 0 is nearly zero. 
Equations (4) and (5) yield 

-Y 
z - -( Y 1 - ;y, 

’ (9 

where A? is the increment in y coordinate between the 
inner and outer edges of a plate. In Eq. (6) the conditions 

(aio/aE) I E-oZO, and (a2io/aE2) I E - ~ = O  are satisfied. 
Since the normalized current at E= 0 is 

1 Aysintl 1 byo 
(7) 20=- =-- 

where the y value to be utilized should be intermediate 
between the inner and outer edges of the plate, the sensi- 
tivity may be written 

7r (d+r”)+ 7r YO2+y2 

f= ( d + y ) / 4 Y o v .  (8) 
From Eq. (8) i t  is evident that the meter sensitivity may 
be increased by increased distances to the outer plates and 
by reductions of Y O  and V .  A simple calculation of Eq. (8) 
with r0= 1 cm, V= 20 V, and y= 5 cm (corresponding to 
plate no. 3) gives q = 0.32 cm/V. Thus, a variation of 0.1 
V/cm in the electric field intensity produces a variation of 
3% in the normalized current. This calculated sensitivity 
from Eq. (8) is in good agreement with both the numerical 
result presented in Fig. 3 (c) and the experimental result of 
q=0.31 cm/V to be presented later for plate no. 3. 

III. EXPERIMENTAL RESULTS 

The surface electric field strength meter shown in 
Fig. 4(a) was constructed with the same geometry and di- 
mensions used in the calculations. All conducting parts 
were stainless steel. The tungsten filament, 3 cm long, 0.005 
cm in diameter, was supported by a spring clamp mecha- 
nism on the symmetry axis. The width of the collecting 
plates was 3 cm. The filament was negatively biased 20 V 
with respect to both the grid hood structure and the col- 
lecting plane, and was operated space charge limited at 
approximately 3 mA. The filament power was 3.5 W. The 
grid was fabricated by eloxing 1.5 mm square holes to leave 
0.5 mm webbing. This provided an average electron trans- 
mission of wo. 

A uniform electric field was established by placing a large 
copper plate above and parallel to the base of the meter. 
Figure 4(b) shows the E meter and the support structure 
of this plate. The three guard plates were maintained at 
intermediate potentials to reduce edge effects. 

Measurements were made in an oil diffusion pumped 
vacuum system at -le6 mm Hg and a turbomolecular 
pumped vacuum system at -3X le7 mm Hg. Condensa- 
ble vapors were trapped by liquid nitrogen cooled baffles. 
An investigation in which the geomagnetic field was can- 
celled by applied magnetic fields showed that i t  had no 
appreciable effect on the performance of the meter for the 
orientations utilized in the experimental work. 

The measured normalized currents of the three pairs of 
collecting plates are shown in Figs. 3(a), (b), and (c). AU 
curves show a diminution of normalized current from the 
theoretical predictions, a shift in the maxima, and for 
large E a greater current than expected. 
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FIG. 5. Current signal of outer collecting plates with B field orienta-
tion to produce maximum perturbation effects. Solid line is collector
current as a function of E field with no magnetic field present. Dashed
curve is collector current response with magnetic field of 1 G parallel
to filament.

Small deviations frow_ the predictions of the model are

expected, since the theory does not include the field dis-

tortion at the grid, space charge effects, current losses from

scattered or secondary electrons, and electron energy

variations. Furthermore, a constant transmission coeffi-

cient has been assumed, and there is experimental evidence

that field penetration into the grid structure, which can

alter the transmission as much as 10%, exists for large E

fields. However, the over-all agreement between the experi-

mental data and the calculated curves demonstrates that

the simple theoretical model can be used to design an E

meter. The actual determination of the meter response

should be carried out experimentally and this calibration

should be accomplished in a configuration which appro-

priately represents the environmental conditions under

which the meter is expected to operate. It is also important

that the meter response remain constant. Measurements

indicate that there is a long term current diminution which

is apparently associated with the formation of a film on the

plates. It is believed that this film results from the bom-

bardment of certain residual vapors by the electrons in the

beam and is thus associated with the problems of particu-

lar vacuum system usage. When the plates were cleaned,

the meter exhibited its initial current response. Film for-

mation may pose other problems, such as the charging of

surfaces and alterations of the electron scattering and

secondary electron emission probabilities: The buildup of

such films for operation in the space environment is not

anticipated.

IV. MAGNETIC FIELD EFFECTS

An electron moving with velocity v in the presence of an

electric field E and a magnetic field B will be acted on by a

force F = e (E+v X B). If Iv X B I _ [E ], serious deviations

from the calculated trajectories may result. The most

troublesome of these B field perturbations is for that con-
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dition in which the vXB force is parallel to the E field

which is to be measured. This B field perturbation can be

minimized by reducing v. Even for 20 eV electrons, this

leads to a vXB force in a 1 G field which is approximately

1 V/cm. However, by summing the currents to identical

collection plates positioned symmetrically with respect to

the filament, this B field perturbation, namely that pro-

duced by the component of B parallel to the filament, may

be greatly minimized. This minimization occurs because

the v X B force is parallel to E on one side of the meter and

antiparallel to E on the other side. The cancellation of the

B field effects is not total, but does lead to a greatly re-

duced uncertainty in E given by

(O2io/OF_)l _0 I vXBI _
bE--_ , (9)

(Oio/OE)l_o 2

where E0 is the E field being measured. From (9) it can be

seen that the desirable properties of the current response

which have been mentioned previously (to make O*io/OE _

as small as possible and Oio/OE as large as possible) are

also of value in minimizing B field perturbations.

The curves shown in Fig. 5 are representative of the

effects of magnetic fields on E field measurements. B fields

up to 1 G in any of three orthogonal directions were gen-

erated by three mutually perpendicular coil systems. The

solid line gives the current response of the outer set of

plates for B= 0. The dashed curve shows the response to

the same plates with a 1 G field parallel to the filament. At

E=0 the presence of the magnetic field would be inter-

preted as an E field of 0.8 V/cm. This error is approxi-

mately a factor of 10 larger than that expected from

Eq. (9).

The disagreement is attributed to the B field inside the

grid hood structure. Such B fields would be expected to

exert substantial effects upon the electron trajectories prior

to their emergence from the grid. Such effects, moreover,

would be enhanced by the space charge conditions preva-

lent near the filament. However, to treat the complete

vXB interaction from the filament to the grid requires a

lengthy numerical analysis which has not been attempted.

The magnetic field did not affect the currents to the two

inner sets of collectors except where 02i/OE _ was large.

When the magnetic field was perpendicular to the fila-

ment, similar observations were obtained; however, the

effect of B on the collector currents was only half as large.

The observation of large B field effects at the outer plates

does not preclude the use of the device in the presence of

magnetic fields. In laboratory conditions, the meter can be

calibrated in the presence of whatever magnetic fields

exist, provided that such fields are not excessive. In other

applications, such as interplanetary flight, the meter would

be used at larger distances from the earth where the geo-

magnetic field is weak. In either case, the two inner sets of
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collectors are unaffected by B fidds as large as 1 G and will

give reliable, although less precise, E field measurements.

If operation in a zero B environment is desired, field can-

cellation may be obtained with Helmholtz coils or use may
be made of Mu-metal in the construction of the E meter.

Response to Time Dependent Electric Fields

For 20 eV electrons the time of flight to the outer plates

is of the order of 10 -7 sec. This suggests that the character-

istic rise time of the E meter in response to a step function

in the electric field would be approximately given by this

figure of 10- _ sec. In a series of pulsed operational tests,

the signals to all collectors along with the pulsed E field

(step function) were displayed on an oscilloscope and

photographed. The currents to all three pairs of collectors

lagged the applied field by the same interval of approxi-

mately 2X 10- _ sec. Since the lag was identical for all sets

of plates and was in excess of that predicted from transit

time considerations, the time lag is interpreted as resulting

primarily from circuit capacitance. Improvements in the

output circuitry rise time would improve the over-all meter

performance within the basic limitations imposed by the
electron time of flight.

A second form of electric field that may be considered is

a linearly rising field. Comparatively simple considerations
reveal that the error which results because of the finite

transit time of the electrons is given by

2 dE
_e_----r. (10)

3 dt

For a field linearly rising at 106 V/cm sec and for a transit

time of 10- _ sec, the error introduced because of electron

transit time effects is approximately 0.07 V/cm.

A time dependent electric field produces a displacement
current

dE
jD = e0--. (11)

dt

With dE/dr= l0 s V/cm sec, the induced current in the

collecting elements is ---10- 7 A/cm _ which is 3% of the

collected signal current. This additional signal would lead

to an uncertainty of about 0.1 V/cm in the measured elec-
tric field for the stated condition in/_.

Plasma Effects

If a surface electric field strength meter is operated on

an isolated body in space, then the collection of charged

particles by the detection plates of the meter will create

an additional signal. Moreover, the interaction of these

space charges with the vehicle itself will form a plasma

sheath of thickness characteristically given by the Debye

length, ),n. For an electron temperature T_ in degrees

Kelvin and a plasma density no in electrons/cma, 10

kn = 6.9 (To/he) i cm. (12)

The operation of the meter is seriously impaired if the

space particle current density is comparable to the meter

electron current density on the collecting surface. However,

for most of the ranges of the ionosphere, the plasma par-

tide current densities are of the order of 0.1 gA/cm 2 or less

and the meter current signal is sufficiently large compared

to the background to allow meter operation. A second

necessary condition in the operation of an electric field

meter in space is that the excursion of the particles relative

to the detection plates of the meter should be small com-

pared to the Debye length. This second condition assures

that the particles are acted upon by an electric field which

is essentially constant as they move along the trajectories,

rather than varying from point to point along the tra-
jectory, as would be the case if the particle excursion

becomes comparable to the sheath thickness.

A means of simulating in the laboratory the conditions

of an isolated body moving through the ambient plasma of

space is provided by the plasma wind tunnel.n. TM The

plasma wind tunnel facility has been used to examine E

meter performance in the presence of streaming plasmas.

The ion current densities in the plasma wind tunnel were
varied in the region of 0.1 #A/cm 2,which simulated vehicle

motion in the ionospheric plasma at ,--600 km. The con-

figuration in which the meter is at zero potential and the

plasma potential V, is positive can be treated theoreti-

cally. For ions of charge density p+, an electric field

strength given by

E_= (2p+Vp/,o)t (13)

exists at the surface of the meter and a total sheath thick-

ness given by

L_h= (2,oVp/p+) t (14)

exists from the surface of the meter to the unperturbed
plasma flow. It should be noted for that condition in which

the potential difference between the plasma flow and the

material surface may be arbitrarily specified, as in a plasma

wind tunnel, and may be considerably in excess of kTe/e,
if desired, that the sheath thickness is not limited to the

Debye length given earlier, but is given by Eq. (14).
Measurements obtained from the E field meter under the

conditions specified above verified the calculated electric

field strength given in Eq. (13).

For that configuration in which the meter surface is

positive with respect to the plasma flowl the theoretical

10L. Spitzer, Physics of Fully Ionized Gases (Interscience Publishers,
Inc., New York, 1962), 2nd ed., p. 22.

n David F. Hall, Robert F. Kemp, and J. M. Sellen, jr., AIAA J.
2, 1032 (1964).

:_l?.avid F. Hall, Robert F. Kemp, and J. M. Sellen, Jr., AIAA J.
3, 1490 (1965).
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treatment of the sheath region is complicated, and no

simple theory exists for the surface electric field and the

sheath thickness. It should be emphasized here that this

present difficulty is created by the fact that the energy of
the ions in the plasma flow is large compared to the po-

tential increment across the plasma sheath from the plasma

to the meter surface. For this regime, the electric field

meter performance was complicated. Investigation of these

data, however, leads one to conclude that the complica-

tions in the data are created by the plasma flow configura-

tion, and do not reflect upon the ability of the surface

electric field meter to determine electric field strengths.
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